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ABSTRACT 
 
 
Computational Quantum Chemistry Studies of the Stabilities of Radical Intermediates Formed 
During the Oxidation of Melatonin 
 
 
by 
 
Constance Elizabeth Warden  
 
 
Melatonin, a nontoxic natural antioxidant, is of interest as a possible spin trap for use in 
spectroscopic methods to observe and identify short-lived free radicals, which have been linked 
to oxidative stress that may result in serious health problems. However, the reaction mechanisms 
for the oxidation of melatonin to form the product N1-acetyl-N2-formyl-5-methoxykynuramine 
are still not well understood. Computational quantum chemistry studies have been done on four 
proposed reaction mechanisms, involving the following major intermediate structures: a 
dioxetane, an epoxide, a melatonin radical cation, and a spin radical adduct. Molecular 
geometries were optimized at the DFT/B3LYP/cc-pVTZ level of theory, and single point 
energies were extrapolated to the complete basis set limit at the Hartree-Fock and second-order 
Møller-Plesset perturbation levels of theory using the cc-pVXZ (X = D, T, Q) basis sets. The 
lowest energy pathway was found to be the single electron transfer pathway, involving the 
melatonin radical cation intermediate. 
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CHAPTER 1 
 
INTRODUCTION 
 
Free Radicals 
 
Free radicals are atoms, molecules, or ions that have one or more unpaired electrons. 
While free radicals typically carry a negative connotation, they have many beneficial effects at 
low to moderate concentrations. They are necessary for processes such as the maturation of 
cellular structures and mitogenic responses.1-3 Phagocytes will release free radicals to destroy 
pathogenic microbes.4-6 Free radicals are also known to participate in cellular signaling systems 
and in the apoptosis of defective cells.1, 4 However, at high concentrations they play a central role 
in oxidative stress that is connected to aging, cancer, neurological diseases, including 
Parkinson’s and Alzheimer’s, and many other health problems.7-15  
Direct experimental observation and identification of short-lived free radicals, such as the 
hydroxyl radical (HO·), are very difficult due to instrumental limitations.16 Indirect methods, 
such as spin trapping, are commonly used to circumvent these limitations. Spin trapping 
stabilizes a free radical and lengthens its lifetime through reaction with another molecule so that 
it is detectable by Electron Paramagnetic Resonance (EPR) spectroscopy. Recent efforts have 
been directed towards in vivo spin trapping, meaning the spin traps are used within living cells. 
Unfortunately, the most common nitroso (R-N=O) and nitrone (R1R2C=NR3+O-) spin traps, such 
as 5,5-dimethyl-1-pyrroline N-oxide (DMPO), are known to be toxic at typical experimental 
concentrations.17 Further complicating the interpretation of the experimental results to establish 
the reaction mechanisms is that the superoxide (O2-) adduct of the spin trap enzymatically 
degrades and decays into that of the hydroxyl (-OH) adduct.18 Therefore, new spin traps are 
needed to address the aforementioned limitations of the current spin traps. 
 
Fenton Reaction 
 
 In 1894, Henry J. Fenton observed that hydrogen peroxide oxidized tartaric acid in the 
presence of Fe(II) salts.19 Haber and Weiss proposed in 1934 that HO· and HO2·  were generated 
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by the Fenton reaction, where H2O2 is catalytically decomposed by ferrous and ferric salts.20 
Later, Barb et al.21-23 elaborated on Haber’s and Weiss’s proposed mechanism for the Fenton 
reaction to form the following mechanistic steps: 
 
Fe2+!+!H2O2!→!Fe3+!+!OH-!+!HO·  (1-1) 
Fe3+ + H2O2 → Fe2+ + H+ + HO2
·   (1-2) 
HO· + H2O2 → HO2·  + H2O  (1-3) 
HO· + Fe2+ → Fe3+ + OH-   (1-4) 
Fe3+ + HO2
·  → Fe2+ + O2H+  (1-5) 
Fe2+!+!HO2·  + H+ →!Fe3+ + H2O2  (1-6) 
HO2
·  + HO2·  → H2O2 + O2  (1-7) 
 
Scientists continue to study and debate the chemistry of the Fenton reaction and Fenton-like 
reactions, which involve various other metals such as copper, cobalt, chromium, and nickel.24-28 
 
Photolysis 
 
Hydroxyl radicals can be produced by the photolysis of aqueous solutions containing 
oxygen species, such as H2O2, NO3-, and NO2-, where the reaction for the photolysis of hydrogen 
peroxide is shown in Reaction 1-8.29-31  
 
HOOH + hv → 2 HO·  (1-8) 
 
The production of hydroxyl radicals via photolysis is important in atmospheric aqueous systems, 
where the hydroxyl radical functions as a powerful oxidant.32 The hydroxyl radical can oxidize 
volatile organic chemicals, making them water soluble and removable from the atmosphere via 
rain.  
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Hydroxyl Radical Reactions 
 
The hydroxyl radical is a short-lived free radical that is highly reactive with many species 
in biological systems (half-life of ~10-9 s) and in the atmosphere (lifetime range of ~0.01-1 s).33-
34 The hydroxyl radical can react with unsaturated species through addition reactions. This is 
especially important in biological systems, where the addition of HO· to pyrimidine nucleobases 
can cause DNA/RNA damage. Its addition to uracil is given as an example in Reaction 1-9.35 
 
 
 
(1-9)
The hydroxyl radical can also undergo electron transfer reactions with aromatic compounds in 
aqueous solution36 
  
 
 
(1-10)
 
Many organic and inorganic species can react with HO· via hydrogen transfer reactions, where 
HO· abstracts an H atom from the specie to form water. Hydrocarbon oxidation involving 
hydrogen abstraction by HO· is important in combustion chemistry, where an example of its 
reaction with methanol is given in Reactions 1-11 and 1-12.37 
HO
N
H
NH
uracil
O
O
N
H
NH
O
O
HO
+
N
H
NH
O
O
HO
HO
p-dimethoxybenzene
OCH3
+
OCH3
OCH3
OCH3
+ HO
pH 7
p-dimethoxybenzene
radical cation
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CH3OH!+!HO· → ·CH2OH + H2O  (1-11) 
CH3OH!+!HO· → CH3O· + H2O  (1-12) 
 
It is also speculated that HO· diffuses through water via a hydrogen transfer reaction.38  
 
Common Spin Traps 
 
One of the best indirect methods for identifying and measuring the concentration of 
short-lived free radicals is to first “trap” them using spin traps. Spin traps stabilize and lengthen 
the lifetime of the radical through an addition reaction with the spin trap so that the resulting spin 
radical adduct is detectable by Electron Paramagnetic Resonance spectroscopy.  
 
(1-13) 
Two of the most popular spin traps that form the basis for many derivatives are N-tert-butyl-α-
phenylnitrone (PBN) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO).39 
 
 
 
 
R+
Spin Trap Spin Radical Adduct
R2
N
R1
O
R3
R2
N
R1
O
R3
Free Radical
R
 18 
 
 
Figure 1: Core structures of the two most common spin trap families, N-tert-butyl-α-
phenylnitrone (PBN) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), where for PBN: X, Y, Z = 
H and R1, R2, R3 = CH3 and for DMPO: R1, R2 = CH3 and R3, R4 = H. 
 
Melatonin 
 
Lerner et al. isolated melatonin (MLT), N-acetyl-5-methoxytryptamine, from the bovine 
pineal tissue in 1958 and identified the structure in 1959.40-41 The structure of MLT, including 
atomic labels (excluding H), is given in Figure 2. 
 
 
 
Figure 2: Melatonin structure with atomic labels  
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MLT is a hormone now known to exist in bacteria42, protista43 and many cells and organs of 
various plants44 and mammals.45-46 It is produced in mammals mainly from the amino acid 
tryptophan by the pineal gland located in the brain.46-47 The enzyme tryptophan hydroxylase 
catalyzes the hydroxylation of tryptophan to form 5-hydroxytryptophan, which is further 
decarboxylated to serotonin by aromatic-L-amino-acid decarboxylase.48 Acetylation and 
methylation of serotonin are then catalyzed by arylalkylamine N-acetyltransferase and 
hydroxyindole-O-methyltransferase to produce MLT.49-51 Due to tryptophan hydroxylase’s 
higher activity in the absence of light, the synthesis of MLT is dependent on light and dark 
cycles.46 
MLT’s capability as an endogenous hydroxyl radical (HO·) scavenger was first 
discovered in 1994.52 Over the past two decades, a considerable amount of research has 
supported MLT as a direct antioxidant in vitro53-55 and as both a direct and indirect antioxidant in 
vivo.56-60 Kładna et al.’s61 results provide evidence for MLT as a prooxidant in vitro through a 
Fenton-like reaction in the presence of Cu(II)/H2O2. An advantage that MLT has over many 
antioxidants is that it is able to cross hydrophobic lipid membranes due to its lipophilic62 and 
hydrophilic63 properties. MLT can potentially react with radical species through the following 
general mechanisms64: 
 
• Single electron transfer 
MLT  +  R·  →  MLT+· !+! R-  (1-14) 
• Radical adduct formation 
MLT  +  R·  →  MLT-R·  (1-15) 
• Hydrogen atom transfer 
MLT  +  R·  →  MLT(-H)· !+ !HR  (1-16) 
• Sequential electron proton transfer 
MLT  +  R·  →  MLT+·! +! R-!!→  MLT(-H)· !+ !HR  (1-17) 
MLT  +  R·  →  MLT(-H+)-! + !R·!!→  MLT(-H)· !+! HR  (1-18) 
• Proton coupled electron transfer 
MLT  +  R·  →  MLT(-H)· !+! HR  (1-19) 
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The main oxidation products of MLT include N1-acetyl-N2-formyl-5-methoxykynurenine 
(AFMK), N1-acetyl-5-methoxykynurenine (AMK), and hydroxymelatonin (HO-MLT) (please 
refer to Figure 3).65 
 
 
 
Figure 3: Structures of melatonin’s oxidation products 
 
The earliest computational study on MLT was done by Migliavacca et al.66 Relative 
adiabatic ionization potentials were calculated to describe electron transfer capabilities, and 
relative O-H bond dissociation enthalpies were calculated to describe H-donation capabilities. 
Six minimal energy conformers of the MLT radical cation were computed at the restricted 
Hartree-Fock (RHF) level for closed shell species and unrestricted Hartree-Fock (UHF) level for 
open shell species. The results supported that, in addition to the electrostatic stabilizing effects, 
two conformers exhibited stabilization due to hyperconjugation.  
N
H
O
R
hydroxymelatonin (HO-MLT)
N
H
O
O
O
R
N 1-acetyl-N 2-formyl-5-methoxykynurenine (AFMK)
N
H
O
R =
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O
R
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Vasilescu et al.67 used Austin Model 1 (AM1) and ab initio methods to determine four 
minimal energy conformations for MLT. Geometry optimizations were in good agreement with 
the crystallographic results from Wakahara et al.68 However, the crystallographic data supported 
extension of the ethylamido side chain due to stacking of the molecules by hydrogen bonding, 
while computational studies showed the extended conformers to have higher energies than all 
four of the folded conformers when presented as free molecules. In addition, Vasilescu et al. 
calculated the HOMO and LUMO frontier orbitals and electrostatic properties that supported the 
involvement of MLT’s indole ring in radical scavenging.69-70 
Zavodnik et al.71 calculated molecular properties, energies and dipole moments for MLT, 
AFMK, 3-HO-MLT, tryptophan, and other oxidation products of tryptophan using AM1 and 
RHF methods. In addition, they included optimized structures with atomic charges for each 
molecule. Their results supported that AFMK was the most stable MLT oxidation product. 
 Galijašević et al.72 found six minimal energy conformers of MLT and calculated 
thermodynamic parameters of MLT, AFMK, and AMK with a semi-empirical method using the 
PM1 data set and with ab initio methods using HF/6-31G* and B3LYP/6-31G*. Their results 
showed that lower level theories, such as semi-empirical methods, should not be used for 
calculations on MLT and its related intermediates and oxidation products.  
Tan et al.73 proposed two potential pathways for the formation of AFMK from MLT: one 
through a dioxetane intermediate (Figure 4) and the other through epoxide and diol intermediates 
(Figure 5). In Figure 4, singlet oxygen (1O2) reacts directly with MLT at the double bond 
between Carbon Atoms 3 and 4 to form a dioxetane intermediate that decomposes to produce 
AFMK.  
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Figure 4: Proposed mechanism for MLT’s direct additive reaction with 1O2 to form a dioxetane 
intermediate that decomposes to produce AFMK 
 
In Figure 5, MLT first reacts with H2O2 through an alkene epoxidation reaction to form an 
epoxide intermediate.74 The epoxide intermediate is then hydrolyzed to form a diol intermediate, 
which is ultimately oxidized to form AFMK. 
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Figure 5: Proposed reaction mechanism for the production of AFMK from MLT. MLT first 
reacts with H2O2 through an alkene epoxidation reaction to form an epoxide intermediate.74 The 
epoxide intermediate is then hydrolyzed to form a diol intermediate, which is ultimately oxidized 
to form AFMK. 
 
Proton nuclear magnetic resonance (1H-NMR), carbon nuclear magnetic resonance (13C-NMR), 
and Mass Spectrometry (MS) were used to identify the oxidation products. The change in H2O2 
concentration was recorded and showed two distinguishable reaction phases.75 The first phase 
was a rapid reaction with equilibrium between MLT and H2O2 reached within five seconds, and 
the second phase was a slow reaction without equilibrium reached after five hours. The second 
phase was hypothesized to be a synergistic reaction with H2O2 by MLT and AFMK. 
Computational studies on the two proposed reaction mechanisms have not been found. 
 Kładna et al.61 proposed reaction mechanisms (Figures 6 and 7) for the oxidation of MLT 
initiated by the HO· using results from chemiluminescence (CL), fluorescence, 
spectrophotometric, and electron paramagnetic resonance (EPR) spin trapping analyses. In 
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Figure 6, a single electron transfer reaction is initiated by HO· with MLT to generate a MLT 
radical cation. Then, the addition of the superoxide radical (O2!-) to the MLT radical cation forms 
the previously mentioned dioxetane intermediate that decomposes to form AFMK. 
 
 
 
Figure 6: Proposed mechanism for a single electron transfer reaction initiated by HO· with MLT 
to generate a MLT radical cation. Then, the addition of the superoxide radical (O2!-) to the MLT 
radical cation forms a dioxetane intermediate that decomposes to form AFMK. 
 
In Figure 7, the reaction is initiated by the HO· to form a spin radical adduct labeled as 2-HO-
MLT radical, which then reacts with molecular oxygen to form a 2-HO-MLT peroxyl radical 
intermediate. Subsequent loss of the HO· forms a dioxetane intermediate that decomposes to 
form AFMK. 
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Figure 7: Proposed reaction mechanism involving the formation of a hydroxyl spin radical 
adduct labeled as 2-HO-MLT radical.  The reaction is initiated by the HO· to form a 2-HO-MLT 
radical, which then reacts with molecular oxygen to form a 2-HO-MLT peroxyl radical 
intermediate. Subsequent loss of the HO· forms a dioxetane intermediate that decomposes to 
form AFMK. 
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The EPR spin trapping method utilized 2,2,6,6-tetramethylpiperidine (TEMP), which specifically 
forms 2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) in reaction with 1O2.76  
 
 
 
(1-20)
The results from the spectrophotometric method supported MLT’s participation in 1O2 
generation; in addition, the EPR results indicated 1O2 production during the oxidation of MLT. 
Again, a computational study of the proposed mechanisms was not found. 
 Bonnefont-Rousselot et al.77 proposed a reaction mechanism (please refer to Figure 8) for 
the oxidation of MLT in aqueous solution under gamma radiolysis of water, which models 
oxidative stress conditions.65 The reaction is initiated by the HO· to form a 2-HO-MLT radical, 
which then reacts with molecular oxygen to form a 2-HO-MLT peroxyl radical in equilibrium 
with a tetroxide intermediate. The tetroxide intermediate then decomposes to form 2-HO-MLT 
alkoxyl radicals in equilibrium with an open-ring carbon-centered radical, where ring opening 
occurs faster than re-cyclization. After the addition of molecular oxygen to the carbon-centered 
radical, a four-center rearrangement forms the product AFMK. 
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Figure 8: Proposed reaction mechanism for the oxidation of MLT. The reaction is initiated by the HO· to form 2-HO-MLT, which 
then reacts with molecular oxygen to form a 2-HO-MLT peroxyl radical intermediate in equilibrium with a tetroxide intermediate. The 
tetroxide intermediate then decomposes to form 2-HO-MLT alkoxyl radical intermediates in equilibrium with an open-ring carbon-
centered radical intermediate. After the addition of molecular oxygen to the carbon-centered radical intermediate, a four-centre 
rearrangement forms the product AFMK. 
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Figure 8 (continued): Proposed reaction mechanism for the oxidation of MLT. The reaction is initiated by the HO· to form 2-HO-
MLT, which then reacts with molecular oxygen to form a 2-HO-MLT peroxyl radical intermediate in equilibrium with a tetroxide 
intermediate. The tetroxide intermediate then decomposes to form 2-HO-MLT alkoxyl radical intermediates in equilibrium with an 
open-ring carbon-centered radical intermediate. After the addition of molecular oxygen to the carbon-centered radical intermediate, a 
four-centre rearrangement forms the product AFMK. 
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Bonnefont-Rousselot et al.77 analyzed MLT and its oxidation products, AFMK, AMK, 
and HO-MLT, using liquid chromatography with UV detection. AFMK was the major oxidation 
product under aerobic conditions, while HO-MLT was the major product under anaerobic 
conditions. AMK concentration was negligible in both cases and was considered the product of 
chemical hydrolysis of AFMK. Bonnefont-Rousselot et al.77 also studied MLT’s direct reactivity 
towards H2O2 and determined it unreactive, in accordance with Fowler et al.78 but in 
disagreement with Zang et al.,79 Tan et al.,73 and Kładna et al.61 In addition, the results supported 
that MLT is very unreactive towards O2!-, which was demonstrated by the unchanged rate of 
oxidation of MLT in the presence of superoxide dismutase. Superoxide dismutase catalyzes the 
dismutation reaction of O2!- shown in Reaction 1-21. 
 
O2
·-!+!HO2·  →!H2O2!+!O2  (1-21) 
 
MLT’s unreactivity towards O2!- is also evidenced by the lower rate constant for MLT’s reaction 
with O2!- (k ≈ 103 L∙mol-1∙s-1)79 compared to that of the dismutation reaction of O2!- (k = 6 × 105 
L∙mol-1∙s-1).80 However, their experimental conditions did not exclude the possibility that radical 
intermediates, such as the MLT radical cation in Figure 6, react with O2!-. A full computational 
study of the proposed mechanism in Figure 8 has not been found.  
 
Research Aims 
 
There is still great debate on the reaction pathway for the direct oxidation of melatonin to 
form the AFMK product. There may be various pathways due to the flexibility of the side chains 
and similar energies between multiple conformations of intermediate structures.81 However, 
previous computational studies have examined only a few melatonin radical intermediate 
structures and no study, neither experimental nor computational, has been found on a full 
evaluation of a reaction mechanism. Also, independent computational confirmation of any of the 
above-mentioned proposed mechanisms has not been performed. Therefore, computational 
studies at high levels of theory are still needed to support the recently proposed reaction 
mechanisms. Detailed knowledge of the reaction mechanisms in vivo is essential to the 
development of useful intervention therapies and for rational drug design. Computational studies 
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are relatively inexpensive methods compared to experimental designs and may provide more 
detailed descriptions of what is happening at the molecular level. 
This work focuses specifically on the comparison of stabilities of intermediates in the gas 
phase formed in the reaction mechanisms for the oxidation of melatonin proposed by Tan et al.73 
and by Kładna et al.61 (please refer to Figures 4-7). Flexibility of the side chains is accounted for 
via extensive conformer searches using molecular mechanics. Molecular geometries are 
optimized at the DFT/B3LYP/cc-pVTZ level of theory, and single point energies are 
extrapolated to the complete basis set limit at the HF/cc-pVXZ (X = D, T, Q) and MP2/cc-pVXZ 
(X = D, T, Q) levels of theory. The four proposed reaction mechanisms are compared using two-
dimensional energy reaction diagrams to determine the most thermodynamically stable pathway. 
The stability of the structure of the melatonin spin radical adduct (labeled as 2-HO-MLT radical 
in Figure 7) is analyzed to better understand melatonin’s possible functionality as a spin trap. 
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CHAPTER 2 
 
QUANTUM MECHANICS 
 
Schrödinger Equation 
 
Classical mechanics describes the motion of macroscopic objects but fails to describe the 
motion of microscopic objects. This break down occurs because energy varies continuously in 
classical mechanics; however, small particle behavior, which was observed through blackbody 
radiation curves and the photoelectric effect, can only be correctly explained if the energy is 
quantized. This led to the development of quantum mechanics, which utilizes a state function (or 
wave function) Ψ that contains all possible information about a system. The wave function is a 
function of both a particle’s position and time that describes the state of the system. However, 
due to the wave-particle duality of microscopic particles, increasing the precision in 
measurement of either the position or momentum of the particle lessens the precision in 
measurement of the other. Therefore, while future states and motions can be calculated from 
knowing the state of a system at any time in classical mechanics, the exact future states and 
motions of particles cannot be determined in quantum mechanics. 
 
Time-Dependent Schrödinger Equation 
 
 In 1926 Erwin Schrödinger developed the concept of the wave function and the time-
dependent Schrödinger equation that describes how the wave function changes over time.82-85 
The time-dependent Schrödinger equation for one particle in one dimension is 
 −ℏ! !Ψ !, !!" = − ℏ!2! !!Ψ !, !!!! + ! !, ! Ψ !, !  (2-1)
 
where ! is the imaginary operator ! = −1 , ℏ (h-bar) is the reduced Planck’s constant equal to ℎ/2!, ! is the mass of the particle, and ! !, !  is the potential energy function. The Schrödinger 
equation can describe the state of the system at any time if the initial state of the system is 
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known. However, the wave function cannot be used to determine the exact position of the 
particle due to the uncertainty principle. Instead, quantum mechanics employs statistics to predict 
probabilities, rather than exact positions. 
Max Born proposed that the probability of finding a particle in one dimension at time t 
within the region ! and ! + !" is given by86 
 Ψ∗ !, ! Ψ !, ! !" = Ψ !, ! !!" 
 
(2-2) 
where Ψ∗ is the complex conjugate of Ψ and is formed by taking the negative of every ! term in Ψ. Since the particle must lie somewhere in space, the sum of all probabilities of finding a single 
particle along the x-axis for a one-dimensional system must equal 1. 
 Ψ !, ! !!"!!! = 1 
 
(2-3) 
A normalized wave function Ψ is a function that satisfies this condition. Multiplying an 
unnormalized wave function by a normalization constant ! normalizes the function, such that  
 !Ψ !, ! !!"!!! = 1 
 
(2-4) 
 
Time-Independent Schrödinger Equation 
 
The simpler time-independent Schrödinger equation describes many applications of 
quantum mechanics in chemistry. If no time-dependent external forces are exerted on a system, 
the potential energy depends only on the particle’s position, !(!). This is the case for stationary 
states of constant energy with stationary probability densities, where Ψ !, ! ! = !(!) !. The 
wave function for a stationary state can be separated into a time function !(!) and a spatial 
function! (!). 
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Ψ !, ! = !(!)!(!) 
 
(2-5)
Ψ describes both time and spatial dependency, while ! indicates spatial dependency only. Partial 
differentiation of Equation 2-5 and subsequent substitution into Equation 2-1 yields 
 −ℏ! !" !!" !(!) = − ℏ!2! !(!)!!! !!!! + !(!)!(!)!(!) (2-6)
 −ℏ! 1!(!)!" !!" = − ℏ!2! 1!(!)!!! !!!! + !(!) (2-7)
 
where division of Equation 2-6 by !(!)!(!) forms Equation 2-7. The left side of Equation 2-7 is 
independent of position and the right side is independent of time. Since each side should be equal 
to the same function of x and t, the function must be independent of both x and t. Therefore, the 
function must be equal to a constant, !, where ! is the energy of the system. Setting the right 
side of Equation 2-7 equal to ! and multiplying both sides by !(!) gives the time-independent 
Schrödinger equation for a particle in one dimension. 
 − ℏ!2! !!! !!!! + !(!)!(!) = !"(!) (2-8)
 
 Hamilton developed the eponymous Hamiltonian function of a system as an alternative to 
Newton’s equations of motion. The Hamiltonian function describes the total energy of a system 
in terms of coordinates (!,!, !) and conjugate momenta (!! ,!! ,!!). The classical-mechanical 
Hamiltonian function ! for a single particle in one dimension is composed of kinetic and 
potential energy terms. 
 
 ! = !!!2! + !(!) (2-9)
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 In quantum mechanics, a quantum mechanical operator exists for every observable 
property of a system. The Hamiltonian operator is composed of the sum of the kinetic and 
potential energy operators, ! and !, respectively. 
 ! = ! + ! = − ℏ!2! !!!!! + !(!) (2-10)
 
The following operator replaces the linear momentum of the Hamiltonian function: 
 !! = −!ℏ !!" (2-11)
 
 When an operation on a function is equivalent to multiplying that function by a constant, 
the function and constant are called an eigenfunction and an eigenvalue, respectively. The 
Schrödinger equation is an eigenvalue problem comprised of the Hamiltonian operator, the time-
independent wave functions !! (eigenfunctions), and the energy values !! (eigenvalues). 
 !!! = !!!! !
 
(2-12)
Quantum mechanics postulates that the only “allowed” energy values are the eigenvalues of the 
Hamiltonian operator.87  
 The Schrödinger equation can extend to three-dimensional, many particle systems. The 
kinetic energy operator consists of the sum of the individual particles 
 ! = − ℏ!2!! ∇!!!  (2-13)
 
where ∇! is the second order differential operator called the Laplacian operator. 
 
 ∇!= !!!!! + !!!!! + !!!!! (2-14)
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The potential energy term is comprised of the sum of the electrostatic interactions of the particles 
described by Coulomb’s law 
 ! = !!!!4!!!!!"!!!! × (2-15)
 
where !! is the permittivity of vacuum, and !! and !! are the charges on the !!! and !!! particles, 
respectively, separated by a distance !!". 
 
Electron Spin and Antisymmetry Properties 
 
 The orbital angular momentum of an electron is a component of angular momentum that 
is dependent on the electron’s motion about the nucleus. In addition, electrons, and other 
elementary particles, have intrinsic spin angular momenta, or simply spin. While spin arises 
naturally in relativistic quantum mechanics, it must be included in nonrelativistic treatments as 
an additional hypothesis. Classical mechanics and the use of macroscopic models cannot 
describe spin. Therefore, a classical function does not exist that can be transformed into an 
operator for spin.  
The spin angular-momentum operator may be expressed as a symbol !, where !! is the 
square of the magnitude for the total spin angular momentum. 
 !! = !!! + !!! + !!! 
 
(2-16)
The eigenvalues of !! and !! are 
 ! ! + 1 ℏ!, ! = 0, 12 , 1, 32 ,… 
 
(2-17)
!!ℏ, !! = −!,−! + 1,… , ! − 1, ! 
 
(2-18)
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where ! is the spin quantum number that is equal to ½ for electrons, protons, and neutrons, 
resulting in !! values of +½ and -½. The two spin eigenfunctions are denoted by the symbols ! 
and ! and are dependent on the variable !! . Thus, the eigenvalues of !! for ! and ! are +½ℏ 
and -½ℏ, respectively.  
 For a hydrogen atom, if the Hamiltonian operator is approximated to be independent of 
the spin variables, the stationary-state wave function separates into a product of spatial and spin 
functions 
 !(!,!, !)!(!!) 
 
(2-19)
where !(!!) can be either of the aforementioned spin eigenfunctions, or a linear combination of 
the two. Taking spin into account doubles the number of energy states but does not change the 
energy values that are obtained from the Hamiltonian operator, which can therefore be written as  
 ! !(!,!, !)!(!!) = ! !! !! !,!, ! = ! !(!,!, !)!(!!) !
 
(2-20)
The degeneracy of energy levels of the hydrogen atom is now 2n2 instead of n2, where the prior 
state !(!,!, !) is split into two possibilities: !(!,!, !)!(!!) and !(!,!, !)!(!!). 
 Classical mechanics can distinguish between particles based on their paths of motion. 
However, the uncertainty principle prevents quantum mechanics from determining the exact 
paths of microscopic particles, making identical particles indistinguishable. Indistinguishability 
of identical particles restricts the wave functions, such that two wave functions corresponding to 
the same state of a system  
 ! !!,… , !! ,… , !! ,… , !! !!!!"#!!! !!,… , !! ,… , !! ,… , !!  
 
(2-21)
can differ by only a multiplicative constant !, where ! stands for the spatial (!,!, !) and spin !!  coordinates of each particle. The exchange or permutation operator !!" exchanges all of the 
spatial and spin variables of the !!! and !!! particles. 
 !!"! !!,… , !! ,… , !! ,… , !! = !" !!,… , !! ,… , !! ,… , !!  (2-22)
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A symmetric eigenfunction has a corresponding eigenvalue of +1 and is unchanged when any 
two particles are interchanged. An antisymmetric eigenfunction has a corresponding eigenvalue 
of −1 when any two particles are interchanged.87  
 ! !!,… , !! ,… , !! ,… , !! = −! !!,… , !! ,… , !! ,… , !!  
 
(2-23)
The wave function of a system of electrons must be antisymmetric. Fermions are particles, such 
as electrons, protons, and neutrons, which require antisymmetric wave functions, whereas bosons 
are particles, such as photons and mesons, which require symmetric wave functions.  
 The Schrödinger equation is not separable for a system consisting of interacting particles, 
such as an atom or molecule. Consequently, many approximation methods have been developed 
to circumvent this problem. The Born-Oppenheimer approximation, variation method, and 
perturbation theory form the foundations of the more modern Hartree-Fock theory, Møller-
Plesset perturbation theory, and Density Functional Theory. 
 
Approximation Methods 
 
Born-Oppenheimer Approximation  
 
 The molecular Hamiltonian operator must be described before developing the Born-
Oppenheimer approximation. Treating the nuclei (! and !) and electrons (! and !) as point 
masses and overlooking relativistic effects, the molecular Hamiltonian is defined as: 
 
 ! = −ℏ!2 1!! ∇!!! − ℏ!2!! ∇!!!
+ !!4!!! !!!!!!"!!!! + 1!!"!!!! − !!!!"!!  (2-24)
  
where ! is the distance between two particles, ! is the atomic number, and e is the charge of a 
proton. The first two terms are the sums of the kinetic energies of the nuclei and electrons, 
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respectively. The third term is the sum of the potential energies due to the electrostatic repulsion 
between two nuclei. The fourth term is the sum of the potential energies due to the electrostatic 
repulsion between two electrons. The fifth term is the sum of the potential energies due to the 
electrostatic attraction between an electron and a nucleus. The Hamiltonian operator for the H2 
molecule consisting of Protons ! and !, each with mass !!, and Electrons 1 and 2 is:  
 ! = − ℏ!2!! ∇!! + ∇!! − ℏ!2!! (∇!! + ∇!!)+ !!4!!! 1!!" + 1!!" − 1!!! − 1!!! − 1!!! − 1!!!  (2-25)
 
 The molecular Schrödinger equation includes the coordinates of electrons (!!) and nuclei 
(!!). 
 !!(!! , !!) = !"(!! , !!)!
 
(2-26)
Electrons move much faster than nuclei with the same kinetic energy due to being much lighter 
in mass. For this reason, electrons can essentially instantly adjust to nuclear motion, and thus a 
good approximation is to assume that nuclei positions are fixed. Removal of the nuclear kinetic-
energy term gives the Schrödinger equation for electronic motion 
 (!!" + !!!)!!" = !!!" !
 
(2-27)
The electronic Hamiltonian !!" and the nuclear-repulsion term !!! are defined as 
 !!" = − ℏ!2!! ∇!!! + !!4!!!!!"!!!! − !!!!4!!!!!"!!  (2-28)
  !!! = !!!!!!4!!!!!"!!!! ! (2-29)
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!!! is constant for a specific nuclear configuration and is independent of electronic motion. The 
electronic energy ! includes internuclear repulsion.  
The electronic Schrödinger equation solves for electronic wave functions and 
corresponding energies that depend parametrically on nuclear coordinates !!. The variables in 
the electronic Schrödinger equation are six electronic coordinates !! of two electrons  
 !!" = !!",!(!!; !!)!
 
(2-30)
! = !!(!!) 
 
(2-31)
where n represents the electronic quantum numbers. !!! can be removed from Equation 2-27 
due to its independence of electronic motion  
 !!!!!" = !!"!!" !
 
(2-32)
!!" is the electronic energy that is related to ! by 
 ! = !!" + !!!!
 
(2-33)
The value of ! is found by solving Equations 2-29 and 2-32. Because the positions of electrons 
adjust essentially instantly after nuclear motion, the electronic energy !(!!) becomes the 
potential energy for nuclear motion. The Schrödinger equation and corresponding Hamiltonian 
for nuclear motion is!
 !!!! = !!!!
 
(2-34)
!! = −ℏ!2 1!! ∇!!! + !(!!) (2-35)
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where the variables for the nuclear Schrödinger equation are the nuclear coordinates. Assuming 
independent degrees of freedom, the value of the total molecular energy, E, is approximately the 
sum of translational, rotational, vibrational, and electronic energies.  
Max Born and his graduate student J. Robert Oppenheimer published the Born-
Oppenheimer approximation in 1927.88 The major assumption of the Born-Oppenheimer 
approximation is that nuclear and electronic motions are separable. The molecular wave function 
is then represented as a product of the two motions 
 !(!! , !!) = !!"(!!; !!)!!(!!)!
 
(2-36)
This assumption works well for ground electronic states of diatomic molecules. 
 
Variation Method 
 
The variation method approximates the ground-state energy of a system without having 
to solve the Schrödinger equation. This method is based on the variation theorem, which states 
that  
 !∗!!"#!∗!"# ≥ !! (2-37)
  
where !! is the lowest-energy eigenvalue and!  is a normalized, well-behaved wave function 
called the trial variation function. Since quantum mechanics states that the value of the integral 
cannot be less than that of the true energy, the trial function is typically comprised of several 
parameters that are varied to minimize the integral. 
 
Perturbation Theory 
 
 Perturbation theory approximates an unsolvable Schrödinger equation for a perturbed 
system by making corrections to a solvable, unperturbed system. The Schrödinger equation that 
can’t be solved for the wave function !! of a perturbed system is given as 
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 !!! = !!!!!
 
(2-38)
A similar but slightly different Hamiltonian !! operates on the wave function !!(!) of an 
unperturbed system in the solvable Schrödinger equation  
 !!!!(!) = !!(!)!!(!)!
 
(2-39)
For example, the Hamiltonian for the harmonic oscillator is a similar and solvable alternative to 
the Hamiltonian for the anharmonic oscillator. The difference between the two systems is the 
perturbation that is represented by !! 
 ! = !! + !!!!
 
(2-40)
The continuous parameter ! linearly varies the amount of perturbation in the system.  
 Corrections to the wave function and energy can be applied as follows 
 !! = !!(!) + !!!(!) + !!!!(!) +⋯+ !!!!! +⋯!
 
(2-41)
!! = !!(!) + !!!(!) + !!!!(!) +⋯+ !!!!! +⋯!
 
(2-42)
where !!!  and !!!  are the kth-order corrections. The first and second order corrections to the 
energy are given as 
 !!(!) = !!! ∗!!!!(!)!" = !!(!) !! !!(!) !
 
(2-43)
!!(!) = !!(!) !! !!(!) !!!(!) − !!(!)!!! !
 
(2-44)
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The bracketed form that appears in Equations 2-43 and 2-44 is Dirac or bracket notation. 
 
Hartree Self-Consistent-Field Method 
 
 The exact wave function for the hydrogen atom is known, and the wave functions for 
helium and lithium are accurately calculated using variation functions that include interelectronic 
distances. However, the Hartree-Fock procedure and other methods are necessary to approximate 
wave functions of larger systems. The !-electron atomic Hamiltonian operator is 
 
! = − ℏ!2!! ∇!!!!!! + !!4!!!!!"!!!!!!!!!!!! − !!!4!!!!!!!!!  (2-45)
  
in a frame of reference with the nucleus fixed at the coordinate origin. Thus, only electronic 
motions contribute to the internal motion. This is a reasonable approximation because the 
reduced mass is only slightly less than that of the electron mass. The first term in the atomic 
Hamiltonian is the sum of kinetic energy operations performed on n electrons. The second term 
consists of potential energies due to interelectronic repulsions, where j=i+1 avoids counting 
terms twice and excludes nonexistent terms that involve an electron’s repulsion of itself. The 
third term is comprised of the potential energies due to attractions between n electrons and a 
nucleus of charge Ze.  
Many approximation methods implement perturbation theory because the Hamiltonian in 
Equation 2-45 is not separable due to the interelectronic repulsion term. If interelectronic 
repulsions are ignored, the Schrödinger equation can be split up into n one-electron equations 
that are similar to the solvable hydrogen atom equation. The zeroth order wave function then 
becomes a product of one-electron spatial wave functions !! called orbitals 
 !(!) = !! !!,!!,!! !! !!,!!,!! … !!(!!,!!,!!) 
 
(2-46)
! = !!"(!)!!!(!,!) 
 
(2-47)
!!"(!) are called the radial wave functions  
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!!" ! = − ! − ! − 1 !2! ! + 1 ! ! ! ! 2!!! !!!! !!! !!!!!!!!!!!!! 2!!!!  (2-48)
 
where ! and ! are the principal and orbital angular momentum quantum numbers, respectively, !! is the Bohr radius, and !!!!!!!! are called the associated Laguerre polynomials. !!!(!,!) are 
called the spherical harmonics  
 !!! !,! = 2! + 14! ! − ! !! + ! ! ! ! !! ! (cos!)!!"# (2-49)
 
The magnetic quantum number is represented by !, where ! ≤ !. !! ! cos !  are called the 
associated Legendre functions 
 !! ! cos! = 12!!! 1− !"#!! ! ! !!! !! cos! !! ! (!"#!! − 1)! ,!!!!!! = 0, 1, 2,… (2-50)
   
While Equation 2-46 may be qualitatively useful, it is not quantitatively accurate because 
it does not account for the shielding effect due to core electrons. Use of different effective 
nuclear charges for different orbitals can approximate the shielding effect. This is accomplished 
through the use of variation functions that are not restricted to any particular form of orbitals. 
 ! = !! !!,!!,!! !! !!,!!,!! …!!(!!,!!,!!)!
 
(2-51)
The functions !!,!!…!!, rather than parameters, are varied to minimize Equation 2-37. The 
Hartree self-consistent-field (SCF) method is a procedure for finding functions !!.89 
 Hartree’s procedure begins by guessing a product wave function 
 ! = !! !!,!!,!! !! !!,!!,!! … !!(!!,!!,!!) 
 
(2-52)
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where !! is a normalized function formed by the product of a radial factor and a spherical 
harmonic. The instantaneous interelectronic repulsions that an electron feels from all other 
electrons can be approximated as a fixed distribution of electron charge formed from smearing 
the remaining electrons.  ! The potential energy between two point charges !! and !! separated by a distance !!" is 
 !!" = !!!!4!!!!!" 
 
(2-53)
If Electron 2 is smeared out into a continuous charge distribution, its infinitesimal charge is !!!!! in an infinitesimal volume !!!, where !! is the charge density. Substitution of !!!!! for !! and integration of Equation 2-53 sums up the interactions between Electron 1 and the 
infinitesimal elements of charge from Electron 2 
 !!" = !!4!!! !!!!" !!! (2-54)
 
Electrons have a charge of – !, so the charge density of Electron 2 is equal to −! !! !, where !! ! is the probability density of Electron 2 
 !!" = !!4!!! !! !!!" !!! (2-55)
 
The sum of the interactions between Electron 1 and the remaining ! − 1 electrons is 
 
!!" + !!" +⋯+ !!! = !!4!!! !! !!!! !!!!!!!  (2-56)
 
Thus, the potential energy of the interactions of Electron 1 with the ! − 1 electrons and the 
nucleus is 
 
 45 
 
!! !!,!!,!! = !!4!!! !! !!!! !!!!!!! − !"!4!!!!! (2-57)
 
 The central-field approximation averages !! !!,!!,!!  over the angles !! and !! to 
reduce the potential energy to a spherically symmetric function !! !!  that depends only on !!. 
 
!! !! = !! !!,!!,!! sin!!! !!!!!!!!! sin! !"!#!!!!!  (2-58)
 !! !!  is then incorporated into the one-electron Schrödinger equation as the potential energy 
term 
 − ℏ!2!! ∇!! + !! !! !!(1) = !!!!(1) (2-59)
 
where !!(1) is an improved orbital of Electron 1 and !! is the corresponding orbital energy. The 
procedure is then repeated for an improved orbital !!(2) for Electron 2 moving through a charge 
density 
 −![ !! 1 ! + !! 1 !… !! 1 !] 
 
(2-60)
Once all orbitals have been improved, the procedure starts back at Electron 1 and the process is 
repeated until the change from one iteration to the next is smaller than a preset convergence 
value. The Hartree self-consistent-field (SCF) wave function is comprised of the resulting set of 
orbitals. However, the sum of orbital energies is not the energy of the system because it doubly 
includes all interelectronic repulsions. Therefore, the total energy of the system is calculated by 
subtracting the average repulsions of electrons in orbitals from the sum of the orbital energies !!. 
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! = !!!!!! − !! !! ! ! !! ! !4!!!!!" !!!!!!!!!!!!!!!!!!  (2-61)
 
 
Hartree-Fock Self-Consistent-Field Method  
 
 Hartree’s procedure uses spatial orbitals that do not explicitly include spin and the 
antisymmetrical property of the interchange of electrons. An antisymmetrized spin-orbital 
incorporates these properties of electrons by being comprised of a spatial orbital and a spin 
function. The differential equation for the Hartree-Fock calculation is 
 !!! = !!!! ,!!!!!! = 1, 2,… ,! 
 
(2-62)
where ! is the Fock (or Hartree-Fock) operator, !! is a spin-orbital with the corresponding 
orbital energy !!. Equation 2-62 only works for a wave function that can be written as a single 
Slater determinant. This includes atoms that have no more than one electron outside of a closed-
subshell.  
 The properties of Slater determinants satisfy the antisymmetry property of electron 
systems.90 A wave function can be represented by a Slater determinant or a linear combination of 
Slater determinants, where the column elements of a single column involve the same spin-
orbital, and the row elements of a single row involve the same electron. The ground-state of the 
zeroth-order helium wave function with spin-orbitals 1!" and 1!" can be rewritten as the 
following Slater determinant 
 1! 1 1!(2) ∙ 12 [! 1 ! 2 − ! 1 ! 2 ] = 12 1!(1)! 1 1!(1)! 11!(2)! 2 1!(2)! 2  (2-63)
 
 Hartree-Fock SCF methods have been developed to treat closed-shell and open-shell 
systems. Limited to closed-shell systems, the RHF method places paired electrons that are 
opposite in spin into the same spatial orbital function. Two commonly used Hartree-Fock SCF 
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methods for open-shell systems are the restricted open-shell Hartree-Fock (ROHF) and the UHF 
methods.91-92 While the RHF and ROHF methods treat paired electrons similarly, the UHF 
method allows paired electrons to occupy different spatial orbitals. For simplicity, the 
discussions in this section will be restricted to closed-shell systems. 
The SCF energy of the closed-subshell configuration for the atomic 1S term is 
 
! = ! !!" ! = 2 !!(1) !! !!(1)!/!!!! + (2!!" − !!")
!/!
!!!
!/!
!!!  (2-64)
 
where !! are the !/2 spatial orbitals for ! electrons and ! is the Slater determinant Hartree-Fock 
wave function of orthonormal spin-orbitals !. 
 
! = 1!! !!(1) … !!(1)⋮ ⋱ ⋮!!(!) … !!(!)  (2-65)
    
The spin-orbital !! is equal to !!!!, where !! is a spatial orbital and !! is a spin function. !!" and !!" are the Coulomb and exchange integrals, respectively, that integrate over the spatial 
coordinates of Electrons 1 and 2. 
 !!" = !!(1)!!(2) 1/!!" !!(1)!!(2)  
 
(2-66)
!!" = !!(1)!!(2) 1/!!" !!(1)!!(2)  
 
(2-67)
The Coulomb integral is the electrostatic repulsion energy between Electron 1 with probability 
density !!(1) ! and Electron 2 with probability density !!(2) !. The exchange integral is a 
purely quantum mechanical effect that arises from the antisymmetry property of wave functions 
for any system of electrons.  
The molecular electronic Hamiltonian is written as 
 
 48 
 
!!" = !!!!!! + !!"!!!!!!!!!  (2-68)
 !! and !!" are the one-electron and two-electron operators, respectively, which are defined as (in 
atomic units) 
 !! = − 12∇!! − !!!!"!  (2-69)
 !!" = 1!!" (2-70)
 
Equation 2-64 is slightly altered to give the Hartree-Fock energy of a closed-shell diatomic or 
polyatomic molecule. 
 !!" = ! !!" + !!! !  
 
(2-71)
!!" = 2 !!!!"#$!/!!!! + (2!!" − !!")
!/!
!!!
!/!
!!! + !!! (2-72)
 !!"#$ is the one-electron core Hamiltonian 
 !!!!!"# = !!(1) !!"#$(1) !!(1) = !!(1) − 12∇!! − !!!!"! !!(1)  (2-73)
 
The first term of !!"#$(1) is the kinetic-energy operator for Electron 1, and second term is the 
sum of the potential-energy operators for attraction between Electron 1 and the nuclei. The 
Hartree-Fock method finds molecular orbitals (MOs) !! that minimize the variational integral !!".93-94 The MOs are assumed to be normalized and orthogonal (for ! ≠ !). 
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The differential equation for the Hartree-Fock operation on the MOs is 
 ! 1 !!(1) = !!!!(1) 
 
(2-74)
where !! are the orbital energies and ! is the Hartree-Fock operator defined as 
 
! 1 = !!"#$ 1 + 2!!(1)− !!(1)!/!!!!  (2-75)
 
Equations 2-74 and 2-75 involve the coordinates of only one electron denoted by (1). !! and !! 
are the Coulomb and exchange operators, respectively, that include an arbitrary function ! 
 
 !! 1 !(1) = !(1) !! 2 ! 1!!" !!! (2-76)
 !! 1 !(1) = !!(1) !!∗ 2 !(2)!!" !!! (2-77)
 
The orbital energies are calculated by multiplying Equation 2-74 by !!∗ and integrating 
over all space to obtain 
 !! = !!(1) !!"#$(1) !!(1) + 2 !!(1) !!(1) !!(1) − !!(1) !!(1) !!(1)!  (2-78)
!! = !!!!"#$ + (2!!" − !!")!/!!!!  (2-79)
 
Summing over !/2 occupied orbitals results in 
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!!!/!!!! = !!!!"#$
!/!
!!! + (2!!" − !!")
!/!
!!!
!/!
!!!  (2-80)
 
The Hartree-Fock energy is obtained by substituting the solution for !!!!"#$!  from Equation 2-
80 into Equation 2-72 
 
!!" = 2 !!!/!!!! − (2!!" − !!")
!/!
!!!
!/!
!!! + !!! (2-81)
 
where the factor of 2 accounts for two electrons within each spatial orbital.  
 
Hartree-Fock-Roothaan Equations  
 
Roothaan proposed that Hartree-Fock orbitals could be represented by linear 
combinations of a set of known functions called basis functions95  
 
!! = !!"!!!!!!  (2-82)
 
where !! is a set of one-electron basis functions and !!" are the expansion coefficients calculated 
using SCF iterative methods. Roothaan’s expansion procedure allows Hartree-Fock wave 
functions to be solved using matrix algebra. An infinite number of basis functions are necessary 
to accurately represent a MO; therefore, the number of basis functions must be practically 
maximized to reduce error. 
 Substituting Roothaan’s orbital expansion into Equation 2-74 gives 
 !!"!!!! = !! !!"!!!  (2-83)
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Multiplying Equation 2-83 by !!∗ and integrating the result forms a set of ! simultaneous linear 
homogenous equations that describe a MO 
 
!!"(!!" − !!!!")!!!! = 0,!!!!!! = 1, 2,… ! , ! (2-84)
 
where 
 !!" = !! ! !!  
 
(2-85)
!!" = !! !!  
 
(2-86)
The result of Equation 2-84 is a !×! secular determinant of ! orbital energies and ! 
eigenvectors. For a nontrivial solution: 
 det(!!" − !!!!") = 0 
 
(2-87)
where the roots of this equation are the orbital energies. The Hartree-Fock operator depends on 
the orbitals it operates on, and the orbitals depend on the unknown coefficients !!"; therefore, the 
Hartree-Fock-Roothaan equations must be solved iteratively. 
Due to interelectronic repulsions, there is a space around an electron where the 
probability of finding another electron is small. This space, termed the Coulomb hole, is one 
result of the correlation of electron motions. The error in energy values calculated from the 
Hartree-Fock method is typically on the order of single-bond energies; therefore, it is necessary 
to include instantaneous interactions of electrons to reduce this level of error. 
The correlation energy !!"## is the difference between the exact nonrelativistic energy 
and the Hartree-Fock energy 
 !!"## = !!"!#$% − !!" 
 
(2-88)
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There are several procedures to estimate !!"##. !!"##  increases somewhat linearly with ! 
number of electrons96 
 !!"## ≈ −0.0170!!.!" !!4!!!!!  
 
(2-89)
Some of the other methods involve configuration-interaction calculations that use the variation 
method and perturbation theory to add contributions from excited state functions to the ground 
state wave function. 
 
Møller-Plesset (MP) Perturbation Theory 
 
Møller-Plesset (MP) perturbation theory is a many-body perturbation theory that uses the 
Hartree-Fock function as its unperturbed wave function.97 However, spin-orbitals !! are 
substituted in place of spatial orbitals !! for the Hartree-Fock Equations 2-74 through 2-77. 
Therefore, the Hartree-Fock equation for an electron ! in an !-electron molecule is 
 ! ! !!(!) = !!!!(!) 
 
(2-90)
where the MP unperturbed Hamiltonian is the sum of the one-electron Fock operators 
 !! = ! !!!!!  
 
(2-91)
The ground state Hartree-Fock wave function Φ! (denoted by the subscript 0) is formed by a 
Slater determinant of spin-orbitals, where Φ! is one of the zeroth-order eigenfunctions of !! 
with the following eigenvalue 
 !!Φ! = !!!!!! Φ! = !(!)Φ! 
 
(2-92)
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The remaining zeroth-order wave functions of !! are all other Slater determinants of any ! 
number of infinitely possible spin-orbitals. 
Substitution of Equation 2-68 for the true molecular electronic Hamiltonian ! and 
Equation 2-91 for the unperturbed Hamiltonian in Equation 2-40 results in the following 
perturbation !! 
 
!! = ! − !! = 1!!"!!!! − !! ! − !! !!!!!!!!!   (2-93)
 
Referring to Equation 2-43, the MP first order correction to the energy in Dirac notation is!
 !!(!) + !!(!) = !!(!) !! !!(!) + Φ! !! Φ! = Φ! !! + !! Φ! = Φ! ! Φ!  
 
(2-94)
where Φ! ! Φ!  is equal to the Hartree-Fock energy !!" 
 !!(!) + !!(!) = !!" 
 
(2-95)
The MP second-order correction to the energy uses a modified version of Equation 2-44  
 
!!(!) = !!(0) !′ Φ0 !!!(!) − !!(!)!!!  
 
(2-96)
The number of unoccupied spin-orbitals in an unperturbed wave function is called the 
excitation level. The integral in Equation 2-96 disappears for all excitation levels except for 
doubly excited functions of the form Φ!"!", where ! and ! represent occupied spin-orbitals and ! 
and ! represent unoccupied spin-orbitals. The eigenvalue of Φ!"!" differs from that of Φ! by 
replacing !! with !! and replacing !! with !!. Incorporation of Φ!"!" into Equations 2-93 and 2-96 
leads to 
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!!(!) = !" !12−1 !" − !" !12−1 !" !!! + !! − !! − !!!!!!!!!!!!!!!!!!!!!!!!!!  
 
(2-97)
where 
 !" !!"!! !" = !!∗ 1 !!∗ 2 !!"!!!! 1 !! 2 !!!!!! 
 
(2-98)
The second-order Møller-Plesset perturbation theory (MP2) calculation is the addition of the 
second-order correction energy term !!(!) to the Hartree-Fock energy.  
 
Density Functional Theory 
 
 Hohenberg-Kohn Theorem. Pierre Hohenberg and Walter Kohn proposed that electron 
probability density could be used to determine molecular properties for nondegenerate ground 
state molecules.98 The probability of simultaneously finding ! electrons each with their own 
respective spin !!" and spatial coordinates !! , !! , !! in a volume element !"!!"!!"! is 
 !(!!,!!, !!,… , !!,!!, !!,!!!,… ,!!") !!"!!"!!"!…!"!!"!!"! 
 
(2-99)
Electron spins can be disregarded by summing the probability over all possible spin states for all 
electrons to give  
 … ! !!"!!"!!"!…!"!!"!!"!!!"!!!   (2-100)
 
The locations of all other electrons can be ignored to determine the probability of locating an 
electron at coordinates !,!, ! by integrating over the coordinates of all other electrons 
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 ! !,!, ! = ! … !(!,!, !, !!… , !!,!!!,… ,!!") !!"!…!"!!""! !  
 
(2-101)
! !,!, ! = ! … !(!, !!… , !!,!!!,… ,!!") !!"!…!"!!""! !   (2-102)
 
where the latter equation is in vector notation. The average for an !-electron molecule is given as 
 
! !(!!)!!!! ! = !∗ !(!!)!!!! !"# = ! !!(!!)!"!!!!   (2-103)
 
with !(!!) as a function of the spatial coordinates for an electron !. The last summation can be 
simplified to ! identical integrals due to the indistinguishability of electrons 
 ! !(!!)!!!! ! = ! ! !!(!)!" = !(!)!(!)!"  (2-104)
 
where substitution of Equation 2-102 into Equation 2-103 leads to the final result of Equation 2-
104.  
 The wave function of a system contains more information than is needed to calculate 
most properties. Therefore, density-functional theory (DFT) employs electron density, rather 
than the wave function, in calculation of molecular properties, such as the ground state energy !!. !! is a functional of the ground-state electron probability density !! !,!, ! , where a 
functional is a function of a function. The electronic Hamiltonian can be written as (in atomic 
units) 
 ! = − 12 ∇!!!!!! + !(!!)!!!! + 1!!"!!!!  (2-105)
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 ! !! = − !!!!"!  (2-106)
 
The external potential, !(!!), is the potential energy of attraction between electron ! and the 
nuclei and is dependent on the coordinates of the electron. The electronic Schrödinger equation 
is solved for the electronic wave functions and allowed energies using a particular external 
potential energy for a ! electron system. Hohenberg and Kohn proved that the ground-state 
electron density determines the external potential energy and the number of electrons. Therefore, 
the electron density also determines the wave function and energy of a system. The electron 
density determines the ! number of electrons by 
 !! ! !" = ! (2-107)
 
Taking the average of the electronic Hamiltonian from Equation 2-28 and recognizing 
that the electronic wave function is determined by the electron density results in the ground-state 
electronic energy !! as a functional of !! 
 !! = !! !! = ! !! + !!" !! + !!! !!  
 
(2-108)
where ! is the average electronic kinetic-energy term, !!" is the electron-nuclear attraction term, 
and !!! is the electron-electron repulsion term. The subscript ! represents the ground-state 
electronic energy’s dependence on the external potential, and the square brackets indicate a 
functional relation. Recognizing that the second term of Equation 2-105 is equal to !!" and 
substituting !(!!) into Equation 2-104 gives 
 !!" = !! !(!!)!!!! !! = !! ! ! ! !" (2-109)
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While !!" !!  is known, ! !!  and !!! !!  are unknown functionals that are independent of the 
external potential. The variation theorem can be used in the Hohenberg-Kohn theorem to give 
 ! !!" + !!! !!" + !!" ! ! ! !" ≥ !! !!  (2-110)
 
Equation 2-108 is modified by using a trial density function !!" !  in place of the ground-state 
electron density, such that !! !!" ≥ !! !! . 
 
 Kohn-Sham Method. Traditionally, the electron density was calculated from the wave 
function through Equation 2-102. Kohn and Sham developed a method in 1965 to calculate the 
ground-state electron density !! and electronic energy !!.99 This method uses a fictitious 
reference system called the noninteracting system, which is represented by a subscript !. All 
noninteracting electrons experience the same external potential-energy function !!(!!), such that !! ! = !! ! . The Hamiltonian for a reference system of noninteracting electrons is equal to 
the sum of ! one-electron Kohn-Sham Hamiltonians ℎ!!" 
 !! = − 12∇!! + !!(!!)!!!! = ℎ!!"!!!!  (2-111)
 
The reference system can be related to the real molecule by including a parameterization term !!!!  
 !! = ℎ!!!!!!! + !!!! (2-112)
 
where the value of ! continuously varies the inclusion of interelectronic repulsions from 0 
(reference system) to 1 (real molecule). A Slater determinant of Kohn-Sham spin-orbitals !!!" 
forms the ground-state wave function !!,!  
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!!,! = !!!"!!!" …!!!"  
 
(2-113)
!!!" = !!!"(!!)!! 
  
(2-114)
The spatial function !!!" is an eigenfunction of the one-electron Kohn-Sham Hamiltonian 
 ℎ!!"!!!" = !!!"!!!" 
 
(2-115)
Kohn and Sham revised Equation 2-108 to give 
 !! = !! !! = !! ! ! ! !" + !! !! + 12 !!(!!)!!(!!)!!" !"!!!! + ∆! !!+ ∆!!! !!  (2-116)
 
where 
 ∆! !! = ! !! − !! !!  
 
(2-117)
∆!!! !! = !!! !! − 12 !!(!!)!!(!!)!!" !"!!!! (2-118)
 
The double integral in Equation 2-118 is the interelectronic repulsion energy for smeared out 
electrons with electron density ! and is multiplied by ½ to avoid double counting repulsions. 
Equation 2-116 can be simplified to  
 !! = !! !! = !! ! ! ! !" + !! !! + 12 !!(!!)!!(!!)!!" !!!!!! + !!" !!  (2-119)
 
where !!" !!  is the unknown exchange-correlation energy functional 
 !!" !! = ∆! !! + ∆!!! !!  (2-120)
 59 
The form of Equation 2-119 separates the terms such that the main contributions to !! are the 
first three terms, which are calculated from a known !!, and the smallest contribution is the 
unknown functional !!" !! . Substituting the definitions for the electronic kinetic energy and the 
external potential into Equation 2-119 results in 
 !! = − !!! !! !!!!! !!! − 12 !!!"(1) ∇!! !!!"(1)!!!! + 12 !!(!!)!!(!!)!!" !"!!!!+ !!" !!  
(2-121)
 
Remembering that the reference system was chosen such that !! = !!, the ground-state 
electron density can be calculated by 
 
!! = !! = !!!" !!!!!  (2-122)
 
Therefore, the ground-state electronic energy !! can be calculated from the spatial Kohn-Sham 
(KS) orbitals !!!" and a good approximation for !!" !! . Similar to the previously mentioned 
Hohenberg-Kohn variational theorem in Equation 2-110, the KS orbitals !!!" can be varied to 
minimize !! !! . The KS orbitals satisfy the equation 
 − 12∇!! − !!!!!! + !! !!!!" !!! + !!" 1 !!!"(1) = !!!"!!!"(1) (2-123)
 
where the exchange-correlation potential !!" !  is defined as the derivative of the functional !!" 
 !!" ! = !!!" !!(!)!!!(!)  (2-124)
 
Several methods have been developed to approximate !!", including the local-density (LDA), 
the local-spin-density (LSDA), and the generalized-gradient (GGA) approximations. 
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B3LYP Functional. The exchange-correlation energy functional !!" can be separated into 
the sum of the exchange energy functional !! and correlation-energy functional !! 
 !!" = !! + !! 
 
(2-125)
!! can be derived from the terms in Equation 2-72 that involve the exchange integrals !!" 
defined in Equation 2-67 by replacing the Hartree-Fock orbitals with Kohn-Sham orbitals 
 !! ≡ − 14 !!!"(1)!!!"(2) 1/!!" !!!"(1)!!!"(2)!!!!!!!!  (2-126)
 
where the constant ¼ accounts for the double sum of ! electrons, as opposed to !/2 orbitals in 
Equation 2-72. The correlation-energy functional !! is then found by subtracting !! from !!". 
While !! can be calculated using Equation 2-126, approximation of both !! and !! using a 
model tends to produce error cancellation and more accurate results.  
The LDA model assumes that the electron density ! varies negligently with position, 
resulting in the exchange-correlation functional 
 !!!"#[!] = !(!)!!"(!)!" 
 
(2-127)
where the exchange plus correlation energy !!"(!) is based on the assumption that an electron is 
surrounded by a homogeneous electron gas of electron density !. The LSDA model for open-
shell systems is similar to the UHF method by allowing paired electrons, represented by ! and !, 
to occupy different KS spatial orbitals. The electron density’s dependence on position must be 
included in order to improve on the LDA and LSDA models. The GGA incorporates this 
dependency by including the gradients of the electron densities !! and !! of the paired electrons 
 !!"!!"[!] = !(!! ! ,!! ! ,∇!! ! ,∇!!(!))!" (2-128)
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where ∇ is the first order differential operator and ! is a function dependent on spin densities and 
their gradients. !!"!!" can be separated into the sum of exchange and correlation functionals 
similar to Equation 2-125. The Becke’s 1988 exchange functional is a gradient correction to the !!!"#$ and is given as100  
 !!!!! = !!!"#$ − ! (!!)!/!!!!1+ 6!!!ln![!! + (!!! + 1)!/!]!"!!!,! = !!!"#$ + ∆!!!!! 
 
(2-129)
where ! is an empirical parameter,  !! is equivalent to ∇!! /(!!)!/!, and !!!"#$ is defined as 
 !!!"#$ = − 34 6! !/!! (!!)!/! + (!!)!/! !" 
 
(2-130)
 Becke first proposed the use of a hybrid exchange-correlation functional B3PW91 that 
incorporated both Equation 2-126 and GGA exchange and correlation functionals.101 The three-
parameter functional Becke3LYP or B3LYP was therefore named after Becke and is defined 
as101-104 
 !!"!!!"# = 1− !! − !! !!!"#$ + !!!!!" + !!!!!!! + 1− !! !!!"# + !!!!!"# 
 
(2-131)
where !!, !!, and !! are parameters, !!!"# stands for the LSDA correlation functional 
developed by Vosko-Wilk-Nusair, and !!!"# stands for the GGA correlation functional 
developed by Lee-Yang-Parr.102-103 
 
Basis Sets 
 
 All of the modern theories previously described begin calculations with basis set 
functions. In computational chemistry, basis sets are composed of nonorthogonal, one-electron 
functions called atomic orbitals that are used to build molecular orbitals. Atomic orbitals (AOs) 
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can be represented by a linear combination (LC) of one or more Slater-type orbitals (STOs). A 
normalized STO for an atom of radius ! in a linear molecule has the following form 
 (2!/!!)!!!/!2! ! !/!! !!!!!!"/!!!!! !,!  (2-132)
 
where the fractional term is the normalization constant, ! is the orbital exponent capable of being 
any positive value, and the !!! !,!  are the spherical harmonics in Equation 2-49. The 
exponential term in Equation 2-132 controls the size of the orbital, where a small zeta gives a 
large diffuse function and a large zeta gives a small dense function. The spherical harmonic term 
describes the shape of the orbital and is replaced by !!! ∗ ± !!! /2!/! for nonlinear molecules 
to form Cartesian orbitals. Equation 2-82 can then describe molecular orbitals with ! number of 
STO basis functions !! giving LC-STO MOs.  
 Polyatomic molecules require multi-center integrals that are time consuming, even for 
small molecules, when evaluated using STO basis functions. In order to reduce computational 
time, Boys proposed the use of Gaussian-type functions (GTF).105 The definition of a Cartesian 
Gaussian centered on atom ! with orbital exponent ! is 
 !!"# = !!!! !!!!!!!!!!!! 
 
(2-133)
The normalization constant ! is equal to 
 
! = 2!! !/! 8! !!!!!!! !! !!2! ! 2! ! 2! ! !/! 
 
(2-134)
where the sum of !, !, ! equals the angular momentum. Therefore, ! + ! + ! = 0 gives a !-type 
Gaussian, ! + ! + ! = 1 gives a !-type Gaussian, and ! + ! + ! = 2 gives a !-type Gaussian. 
For computational convenience, there are six and ten !- and !-type Gaussian functions, 
respectively, as opposed to the five and seven pure angular momentum functions. While STOs 
represent the radial distribution of hydrogen-like atoms very well, GTOs do not represent 
hydrogen-like atoms due to the square of the radius in the exponential term. This causes the loss 
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of the cusp at ! = 0 and the rapid decay of the function at large !. One solution to this problem is 
to use a linear combination of primitive Gaussian functions !! that closely resembles a 
corresponding STO.  
 !! = !!"!!!  
 
(2-135)
The contraction coefficients !!" are held constant throughout the calculation. Contracted GTFs 
(CGTFs) represented by !! are still computationally more efficient than STOs because the 
product of two Gaussian functions at different centers is equivalent to a single Gaussian function 
at a new center. 
 The most basic basis set is called a minimal basis set, which assigns a single basis 
function to each AO. Double zeta (DZ), triple zeta (TZ), and quadruple zeta (QZ) basis sets 
assign two, three, and four basis functions with different orbital exponents to each AO, 
respectively. Increasing the number of basis functions that describe an AO allows more 
flexibility in the size of the orbital when other atoms approach. However, the use of multiple 
basis functions for every AO is computationally expensive. Since most chemical reactions 
primarily occur between the valence electrons, basis sets can be split between inner- and outer-
shell AOs. In the split-valence basis sets, each inner-shell AO is represented by a minimal basis 
set and each outer-shell AO is represented by two (valence double zeta: VDZ) or more (e.g. 
VTZ, VQZ, V5Z, etc.) basis functions.  
Chemical bonding in molecules results in anisotropic electron distribution that cannot be 
included by simply changing the orbital exponent. Basis sets incorporate this polarization by 
adding basis functions of higher angular momentum than that of the ground-state valence shell. 
Diffuse functions are used to describe orbitals that are far from the nucleus to account for weakly 
bound states, anions, and van der Waals interactions. Augmented basis sets add one set of diffuse 
functions for every angular momentum present in the basis.  
John Pople and coworkers developed the Pople basis sets that use CGTFs to mimic the 
appearance of STOs. Pople minimal basis sets are of the form STO-nG, where each AO is 
represented by n primitive Gaussian functions. Pople split-valence basis sets are of the form k-
nlm++G** or k-nlm++G (idf, jpd) with k, n, l, and m primitive GTFs for core, inner valence, 
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medium valence, and outer valence electrons, respectively. One asterisk indicates one set of five 
3d polarization functions added to all non-hydrogen atoms, and two asterisks indicate an extra 
set of three 2p polarization functions added to hydrogen atoms. The parentheses term idf 
signifies i set of d-type and one set of f-type polarization functions added to non-hydrogen atoms, 
and the additional jpd term signifies j set of p-type and one set of d-type polarization functions 
added to hydrogen atoms. One plus sign denotes one set of p-type diffuse functions added to 
non-hydrogen atoms, and two plus signs denote a supplemental s-type diffuse function added to 
hydrogen atoms. 
There are two primary limitations to solving the Schrödinger equation: 1) the one-
electron basis defined as the number of unoccupied atomic orbitals used to describe the one-
electron space, and 2) the multi-electron basis defined as the number of STOs used to describe 
the wave function. Infinite expansion of both would result in the exact solution to the 
nonrelativistic Schrödinger equation. Thomas Dunning and coworkers developed correlation 
consistent polarized valence-only basis sets cc-pVXZ formed from X-zeta basis functions (X = 
D, T, Q, 5, 6, etc.).106-110 While Pople basis sets were optimized using HF calculations of atoms 
and small molecules, Dunning’s basis sets were optimized using higher order correlated 
methods. In addition, Dunning’s basis sets systematically converge to the complete basis set 
(CBS) limit, where the multi-electron basis is infinitely expanded and X = ∞.111-112  
Multiple equations have been proposed to extrapolate single point energies to the CBS 
limit using HF and MP2 levels of theory in conjunction with Dunning’s basis sets. Halkier, 
Kutzelnigg, Martin, Schwartz, and coworkers developed Equation 2-136 that uses HF level of 
theory.113-117 
 !! ! = !!"#! + !! + 12 ! (2-136)
 
The zeta-level ! is represented by numerical values, where DZ = 2, TZ = 3, QZ = 4, etc. The 
energy value reaches the CBS limit, !!"#, at ! = ∞. Equation 2-137 also uses the HF level of 
theory to calculate energy values at the CBS limit118 
 !! ! = !!"#! + !!!!" (2-137)
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Equations 2-138 and 2-139 were developed to use MP2 level of theory to calculate energy values 
at the CBS limit109, 111, 113  
 !! ! = !!"#! + !!!(!!!) + !!!(!!!)! 
 
 (2-138)
!! ! = !!"#! + !(!)! 
 
(2-139)
The accuracy of a theoretical method can be determined by comparing the property value 
calculated at the CBS limit to the experimental value.119 
 
Atomic Units 
 
Quantum chemists use Hartree atomic units to simplify calculations. The atomic base 
units for mass, charge, and angular momentum are the mass of an electron (!!), the charge of a 
proton (!), and the reduced Planck’s constant (ℏ). The base units are set to a value of 1, which 
negates the need for updates due to changes in fundamental constant values. The unit of permittivity 
is set to 4!!!, where !! is the permittivity of vacuum. The atomic unit of energy is called the 
hartree:  
 1!ℎ!"#"$$ ≡ 1!!! ≡ !!!!4!!0 2ℏ2 = 27.211!!" = 4.3597×10!!"!! (2-140)
 
The atomic unit of length is called the Bohr radius that is equivalent to the length of the 
hydrogen-like 1s orbital  
 1!!"ℎ! ≡ !! ≡ 4!!0ℏ2!!!! = 0.52918!Å = 5.2918×10!!!!  (2-141)
 
As an example of the utility of Hartree atomic units, the Hamiltonian for the hydrogen molecule 
simplifies to 
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 ! = − 12 ∇!! + ∇!! − 12 (∇!! + ∇!!)+ 1!!" + 1!!" − 1!!! − 1!!! − 1!!! − 1!!! (2-142)
 
where all constants in Equation 2-25 are reduced to unity. 
 
Molecular Mechanics 
 
The molecular-mechanics (MM) method does not use an electronic Hamiltonian or a 
wave function and is therefore not a quantum-mechanical method. An additional distinction 
between the two methods is the process for describing molecular bonding in input files. While ab 
initio and semi-empirical methods only describe atomic positions in input files, MM methods 
also assign bonds that act as springs between atoms.  
MM calculations aim to minimize a potential-energy term, !, called the steric energy. 
The steric energy is a function dependent on atomic positions and is expressed as a sum of 
potential energies due to internal and external forces that act on atoms. 
 ! = !!"# + !!"#$ + !!!" + !!"#$ + !!"#$$ + !!"# + !!" 
 
(2-143)
The internal forces (represented by potential energy terms) include: bond stretching !!"# , bond-
angle bending (!!"#$), out-of-plane bending !!!" , internal rotating about bonds !!"#$ , and 
cross product terms !!"#$$  of the interactions between these internal motions. The two external 
forces are the van der Waals interactions !!"#  and electrostatic interactions !!"  between 
atoms.  
The equations and parameters used to describe each of the potential-energy terms define 
a force field. Force fields also categorize atoms by atom types, which depend on the atomic 
number and molecular environment of an atom. For example, atoms may be distinguished by 
hybridization, e.g. an sp3 carbon vs. an sp2 carbon, and by neighboring atoms, e.g. an H atom 
bonded to an oxygen atom vs. a carbon atom. Due to the parameter values’ dependence on 
experimental results, force fields are typically developed for specific types of systems. The 
Merck Molecular Force Fields were developed for pharmaceutical compounds and can be used 
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for most small organic compounds, proteins, and nucleic acids.120-126 The Merck Molecular 
Force Field 1994 version for static systems (MMFF94s) was developed to reduce the puckering 
of unstrained delocalized trigonal nitrogen centers, which is less pronounced in condensed-
phases.125-126 
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CHAPTER 3 
 
RESULTS AND DISCUSSION 
 
Computational Details 
 
Lowest energy conformers were determined by systematic rotor searches under the 
Molecular Mechanics force field MMFF94s120-126 using Avogadro, an advanced molecule editor 
and visualizer.127-128 Ab initio calculations were performed on a computer cluster using 
NWChem 6.5 software from the Molecular Sciences Laboratory Software Group of Pacific 
Northwest National Laboratory.129 The Extensible Computational Chemistry Environment 
(Eccè) Version 7.0 interface was used to manage calculations and generate pictorial 
representations.130 Basis set extrapolations and corresponding graphs were done with Maple 
2015.1.131 Geometry optimizations of the lowest energy conformers were calculated using 
Hartree-Fock (RHF and ROHF) in conjunction with Dunning’s correlation-consistent polarized 
valence-only double zeta (cc-pVDZ) basis set. Molecular geometries were further optimized 
using Density Functional Theory along with the B3LYP functional and Dunning’s (cc-pVTZ) 
basis set. Basis set extrapolation methods employed single point energy calculations from 
Hartree-Fock and second-order Møller-Plesset perturbation theories in conjunction with 
Dunning’s cc-pVXZ (X = D, T, Q) basis sets. All ab initio geometry optimizations and single 
point energy calculations of the molecular oxygen radical and hydroxide anions included the 
augmented Dunning’s aug-cc-pVXZ (X = D, T, Q) basis sets. 
The computer cluster was comprised of 42 computers, totaling 174 cores, each running 
CentOS 6.X linux and using the OpenMPI message passing interface, and the OpenBLAS basic 
linear algebra subprograms libraries. Calculation scheduling was performed using Torque or 
SLURM. Libraries and the NWChem software were compiled using the GNU 4.4.5 (and later 
4.4.7) c (gcc) and fortran (gfortran) compilers. 
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Discussion of Results 
 
Stable structures and conformations of melatonin radical intermediates will help 
understand how melatonin functions as an antioxidant and determine if a melatonin derivative 
could function as a possible in vivo spin trap. This work focuses specifically on the comparison 
of stabilities of intermediates in the gas phase formed in the reaction mechanisms proposed by 
Tan et al.73 and by Kładna et al.61 Corresponding structures of all compounds mentioned in the 
results are shown in Figures 4-7 in the introduction section, where R and S in parentheses 
represent the right-handed and left-handed configurations, respectively. 
All geometry optimizations and conformer searches in Avogadro were carried out under 
the MMFF94s force field. Molecular geometries were optimized prior to systematic rotor 
conformer searches. Many lowest energy conformers from a systematic rotor conformer search 
optimized to the same conformer at the HF/cc-pVDZ level of theory within ±0.00001 hartrees. 
Therefore, geometries of the fifty lowest energy conformers were reoptimized using the 
AutoOptimization (AutoOpt) feature in Avogadro, which revealed repeats of conformers through 
energy value and manual visualization comparisons (refer to Appendix). Conformers that 
differed by only a rotation of an end methyl group were considered to be identical. Fifty lowest 
energy conformers insured ten different conformers at the HF/cc-pVDZ level of theory for all 
molecules except melatonin, which required seventy conformers.  
It was hypothesized that using lowest energy conformers after geometry optimization at 
the MM level would result in lower energy conformers at ab initio levels as compared to using 
the lowest energy conformers directly from a conformer search. An example graphical 
comparison is shown in Figure 9 for the correlations between HF/cc-pVDZ energies and the MM 
pre- and post-AutoOpt energies of the ten lowest energy conformers of the (S)-2-HO-MLT 
radical from the reaction mechanism in Figure 7.  
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Figure 9: Correlations between the HF/cc-pVDZ and MM pre- and post-AutoOpt energies for 
the ten lowest energy conformers of the (S)-2-HO-MLT radical 
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The slopes and R2 values are given in Table 1 for all correlations between HF/cc-pVDZ energies 
and the MM pre- and post-AutoOpt energies of the ten lowest energy conformers of all 
molecules. 
 
Table 1: Slope and R2 values for correlations between energies at the HF/cc-pVDZ level and 
pre- vs. post-AutoOpt under the MMFF94s force field  
 
Compound 
MMFF94s Pre-AutoOpt MMFF94s Post-AutoOpt 
slope R2 slope R2 
melatonin 293 0.01 158 0.00 
(R)-2-HO-MLT radical 902 0.18 2944 0.47 
(S)-2-HO-MLT radical -1165 0.09 2577 0.35 
(R, R)-2-HO-MLT peroxyl radical 81 0.21 87 0.19 
(R, S)-2-HO-MLT peroxyl radical -17 0.02 44 0.35 
(S, R)-2-HO-MLT peroxyl radical 23 0.04 13 0.04 
(S, S)-2-HO-MLT peroxyl radical 81 0.11 81 0.39 
(R, R)-dioxetane intermediate 2194 0.43 823 0.23 
(S, S)-dioxetane intermediate 406 0.01 155 0.01 
(R, R)-epoxide intermediate -385 0.03 -23 0.00 
(S, S)-epoxide intermediate -389 0.01 636 0.05 
(R, S)-diol intermediate 726 0.03 3030 0.53 
(S, R)-diol intermediate 34 0.00 2263 0.59 
AFMK 272 0.08 1142 0.45 
average 218 0.09 995 0.26 
standard deviation ±731 ±0.11 ±1140 ±0.20 
 
While the average R2 value appears to be larger for the correlation between HF/cc-pVDZ and 
MM post-AutoOpt energies compared to the pre-AutoOpt energies, there is no statistically 
significant difference due to large standard deviations. Further evaluation would need to be done 
with more molecules to determine with better certainty whether or not this process finds lower 
energy conformers than rotor conformer searches alone. Additionally, this study only compared 
the pre- and post-AutoOpt energies of the lowest post-AutoOpt energy conformers. A further test 
should be done by comparing the HF energies of the lowest energy conformers determined by 
pre-AutoOpt energies with those determined by post-AutoOpt energies. If MM post-AutoOpt 
methods result in lower energy conformers at ab initio levels of theory compared to MM 
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conformer searches alone, it may be worthwhile to develop a conformer search approach that 
automatically reoptimizes the geometries of the best prospective conformers and reorganizes the 
order based on the new energies. 
Regardless of post-AutoOpt techniques, the R2 values are low for the correlation between 
MM and ab initio methods. Therefore, the three lowest energy conformers at ab initio levels of 
theory were determined by optimizing the geometries of the MM ten lowest energy conformers 
at the HF/cc-pVDZ level of theory (refer to Appendix). The three lowest energy conformers, 
determined by HF/cc-pVDZ energies, were further optimized at the DFT/B3LYP/cc-pVTZ level 
of theory (Table 2).  
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Table 2. Energies of all reaction molecules at the HF/cc-pVDZ and B3LYP/cc-pVTZ levels  
 
Molecule 
Lowest Energy Conformer 
2nd Lowest Energy 
Conformer 
3rd Lowest Energy 
Conformer 
HF/cc-pVDZ 
B3LYP/ 
cc-pVTZ HF/cc-pVDZ 
B3LYP/ 
cc-pVTZ HF/cc-pVDZ 
B3LYP/ 
cc-pVTZ 
melatonin -760.29810 -765.26279 -760.29802 -765.26279 -760.29716 -765.26217 
indolyl radical cation -760.07875 -765.01537 -760.07875 -765.01537 -760.06595 -765.00186 
(R)-2-HO-MLT radical -835.71098 -841.07940 -835.71094 -841.07831 -835.71086 -841.07971 
(S)-2-HO-MLT radical -835.71105 -841.07940 -835.71073 -841.07914 -835.71022 -841.07753 
(R, R)-2-HO-MLT peroxyl radical -985.35205 -991.48119 -985.35203 -991.48119 -985.35202 -991.48119 
(R, S)-2-HO-MLT peroxyl radical -985.34739 -991.47684 -985.34722 -991.47703 -985.34515 -991.47517 
(S, R)-2-HO-MLT peroxyl radical -985.34739 -991.47684 -985.34722 -991.47702 -985.34522 -991.47492 
(S, S)-2-HO-MLT peroxyl radical -985.35198 -991.48081 -985.35188 -991.48081 -985.35187 -991.48081 
(R, R)-dioxetane intermediate -909.89486 -915.63433 -909.89446 -915.63432 -909.89424 -915.63376 
(S, S)-dioxetane intermediate -909.89515 -915.63468 -909.89486 -915.63433 -909.89446 -915.63432 
(R, R)-epoxide intermediate -835.12164 -840.46965 -835.12110 -840.46842 -835.12043 -840.46783 
(S, S)-epoxide intermediate -835.12062 -840.46839 -835.12052 -840.46839 -835.12043 -840.46783 
(R, S)-diol intermediate -911.19224 -916.96441 -911.19212 -916.96251 -911.19207 -916.96253 
(S, R)-diol intermediate -911.19224 -916.96441 -911.19136 -916.96360 -911.19066 -916.96124 
AFMK (singlet) -910.05689 -915.78435 -910.05686 -915.78435 -910.05679 -915.78450 
AFMK (triplet) -909.95692 -915.69671 -909.95692 -915.69671 -909.95543 -915.69869 
molecular oxygen (triplet) -149.61361 -150.38094 -149.61361 -150.38094 -149.61361 -150.38094 
molecular oxygen (singlet) -149.29051 -150.31922 -149.29051 -150.31922 -149.29051 -150.31922 
**molecular oxygen (radical) -149.47788 -150.21149 -149.47788 -150.21149 -149.47788 -150.21149 
hydroxyl radical -75.22531 -75.72670 -75.22531 -75.72670 -75.22531 -75.72670 
**hydroxide -75.39625 -75.79956 -75.39625 -75.79956 -75.39625 -75.79956 
hydrogen peroxide -150.78541 -151.61019 -150.78541 -151.61019 -150.78541 -151.61019 
water -76.02705 -76.45984 -76.02705 -76.45984 -76.02705 -76.45984 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Geometries optimized at the DFT level of theory were assumed to be equilibrium geometries due 
to the absence of imaginary frequencies. Table 3 lists all the negative vibrational frequencies that 
were considered to not represent imaginary frequencies due to the motion of the frequency not 
resulting in the breaking of any bonds if the vibrational motion was extended. 
 
Table 3: Imaginary vibrational frequencies of conformers at B3LYP/cc-pVTZ level 
 
Conformer Molecule Vibrational frequencies (cm-1) 
lowest energy 
(R)-2-HO-MLT radical -93.088 
(S)-2-HO-MLT radical -56.267 
AFMK (triplet) -48.522 
2nd lowest energy 
(S)-2-HO-MLT radical -42.280 
(S, R)-2-HO-MLT peroxyl radical -17.789 
AFMK (triplet) -56.263 
3rd lowest energy 
MLT radical cation -18.802 
(S)-2-HO-MLT radical -17.667 
(R, R)-2-HO-MLT peroxyl radical -28.733 
(S, R)-2-HO-MLT peroxyl radical -40.083 
AFMK (triplet) -48.007 
 
Single point energies for the three sets of conformers were then calculated using HF and 
MP2 along with cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets. The single point energies were 
used in basis set extrapolation calculations (Equations 2-136 through 2-139) to find energies at 
the CBS limit (Tables 4 through 9).  
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Table 4. Single point energies of the lowest energy conformers at the HF/cc-pVDZ, HF/cc-pVTZ, HF/cc-pVQZ levels and the 
HF CBS limits 
 
Molecule HF/cc-pVDZ HF/cc-pVTZ HF/cc-pVQZ HF ECBS1(x) HF ECBS2(x) 
melatonin -760.29601 -760.49847 -760.54895 -760.57333 -760.55453 
indolyl radical cation -760.08413 -760.28545 -760.33491 -760.35938 -760.34073 
(R)-2-HO-MLT radical -835.73196 -835.95933 -836.01564 -836.04314 -836.02205 
(S)-2-HO-MLT radical -835.73196 -835.95933 -836.01564 -836.04314 -836.02205 
(R, R)-2-HO-MLT peroxyl radical -985.35544 -985.62546 -985.69191 -985.72470 -985.69968 
(R, S)-2-HO-MLT peroxyl radical -985.35065 -985.62123 -985.68758 -985.72051 -985.69545 
(S, R)-2-HO-MLT peroxyl radical -985.35065 -985.62123 -985.68758 -985.72052 -985.69546 
(S, S)-2-HO-MLT peroxyl radical -985.35533 -985.62533 -985.69181 -985.72459 -985.69957 
(R, R)-dioxetane intermediate -909.88887 -910.13814 -910.19871 -910.22923 -910.20617 
(S, S)-dioxetane intermediate -909.88894 -910.13747 -910.19797 -910.22836 -910.20537 
(R, R)-epoxide intermediate -835.11793 -835.34420 -835.40003 -835.42746 -835.40649 
(S, S)-epoxide intermediate -835.11704 -835.34346 -835.39935 -835.42679 -835.40580 
(R, S)-diol intermediate -911.18854 -911.43702 -911.49834 -911.52846 -911.50542 
(S, R)-diol intermediate -911.18854 -911.43702 -911.49834 -911.52846 -911.50542 
AFMK (singlet) -910.05298 -910.29928 -910.36119 -910.39069 -910.36779 
AFMK (triplet) -909.96445 -910.21213 -910.27417 -910.30390 -910.28088 
molecular oxygen (triplet) -149.62805 -149.67545 -149.68769 -149.69327 -149.68884 
molecular oxygen (singlet) -149.54315 -149.58951 -149.60142 -149.60689 -149.60256 
**molecular oxygen (radical) -149.39719 -149.42669 -149.43535 -149.43848 -149.43567 
hydroxyl radical -75.23392 -75.26249 -75.27140 -75.27427 -75.27151 
**hydroxide -75.39583 -75.41210 -75.41689 -75.41861 -75.41706 
hydrogen peroxide -150.78254 -150.83384 -150.84605 -150.85241 -150.84768 
water -76.02657 -76.05686 -76.06451 -76.06812 -76.06530 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Table 5. Single point energies of the lowest energy conformers at the MP2/cc-pVDZ, MP2/cc-pVTZ, MP2/cc-pVQZ levels and 
the MP2 CBS limits 
 
Molecule MP2/cc-pVDZ MP2/cc-pVTZ MP2/cc-pVQZ MP2 ECBS3(x) MP2 ECBS4(x) 
melatonin -762.72365 -763.47872 -763.72476 -763.86495 -763.84131 
indolyl radical cation -762.46334 -763.20546 -763.44695 -763.58450 -763.56159 
(R)-2-HO-MLT radical -838.28078 -839.11386 -839.38453 -839.53866 -839.51334 
(S)-2-HO-MLT radical -838.28077 -839.11385 -839.38452 -839.53865 -839.51333 
(R, R)-2-HO-MLT peroxyl radical -988.28385 -989.25849 -989.57513 -989.75543 -989.72583 
(R, S)-2-HO-MLT peroxyl radical -988.27847 -989.25499 -989.57192 -989.75236 -989.72300 
(S, R)-2-HO-MLT peroxyl radical -988.27846 -989.25499 -989.57192 -989.75236 -989.72300 
(S, S)-2-HO-MLT peroxyl radical -988.28328 -989.25794 -989.57461 -989.75493 -989.72531 
(R, R)-dioxetane intermediate -912.68839 -913.59401 -913.88733 -914.05426 -914.02762 
(S, S)-dioxetane intermediate -912.68711 -913.59174 -913.88503 -914.05197 -914.02508 
(R, R)-epoxide intermediate -837.72887 -838.55953 -838.82968 -838.98354 -838.95804 
(S, S)-epoxide intermediate -837.72710 -838.55808 -838.82834 -838.98227 -838.95674 
(R, S)-diol intermediate -914.00853 -914.92359 -915.22038 -915.38933 -915.36201 
(S, R)-diol intermediate -914.00854 -914.92360 -915.22039 -915.38934 -915.36202 
AFMK (singlet) -912.83202 -913.73067 -914.02509 -914.19302 -914.16335 
AFMK (triplet) -912.70466 -913.60237 -913.89604 -914.06348 -914.03428 
molecular oxygen (triplet) -149.97237 -150.10972 -150.15523 -150.18123 -150.17621 
molecular oxygen (singlet) -149.92025 -150.06118 -150.10839 -150.13542 -150.12978 
**molecular oxygen (radical) -149.75569 -149.86939 -149.90873 -149.93139 -149.92563 
hydroxyl radical -75.38785 -75.46813 -75.49530 -75.51089 -75.50741 
**hydroxide -75.62900 -75.69580 -75.72017 -75.73434 -75.72975 
hydrogen peroxide -151.16932 -151.33106 -151.38268 -151.41198 -151.40795 
water -76.22849 -76.31862 -76.34760 -76.36408 -76.36162 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Table 6. Single point energies of the second lowest energy conformers at the HF/cc-pVDZ, HF/cc-pVTZ, HF/cc-pVQZ levels 
and the HF CBS limits 
 
Molecule HF/cc-pVDZ HF/cc-pVTZ HF/cc-pVQZ HF ECBS1(x) HF ECBS2(x) 
melatonin -760.29600 -760.49847 -760.54896 -760.57334 -760.55453 
indolyl radical cation -760.08413 -760.28545 -760.33490 -760.35938 -760.34073 
(R)-2-HO-MLT radical -835.73020 -835.95645 -836.01260 -836.03993 -836.01894 
(S)-2-HO-MLT radical -835.73146 -835.95884 -836.01520 -836.04269 -836.02159 
(R, R)-2-HO-MLT peroxyl radical -985.35544 -985.62547 -985.69192 -985.72471 -985.69969 
(R, S)-2-HO-MLT peroxyl radical -985.35048 -985.62105 -985.68737 -985.72032 -985.69526 
(S, R)-2-HO-MLT peroxyl radical -985.35049 -985.62105 -985.68737 -985.72031 -985.69525 
(S, S)-2-HO-MLT peroxyl radical -985.35533 -985.62534 -985.69181 -985.72460 -985.69957 
(R, R)-dioxetane intermediate -909.88834 -910.13839 -910.19933 -910.22989 -910.20675 
(S, S)-dioxetane intermediate -909.88888 -910.13814 -910.19871 -910.22923 -910.20618 
(R, R)-epoxide intermediate -835.11754 -835.34426 -835.40007 -835.42760 -835.40659 
(S, S)-epoxide intermediate -835.11705 -835.34346 -835.39936 -835.42680 -835.40580 
(R, S)-diol intermediate -911.18867 -911.43893 -911.50083 -911.53113 -911.50791 
(S, R)-diol intermediate -911.18759 -911.43608 -911.49737 -911.52750 -911.50447 
AFMK (singlet) -910.05297 -910.29927 -910.36118 -910.39068 -910.36778 
AFMK (triplet) -909.96444 -910.21213 -910.27416 -910.30390 -910.28088 
molecular oxygen (triplet) -149.62805 -149.67545 -149.68769 -149.69327 -149.68884 
molecular oxygen (singlet) -149.54315 -149.58951 -149.60142 -149.60689 -149.60256 
**molecular oxygen (radical) -149.39719 -149.42669 -149.43535 -149.43848 -149.43567 
hydroxyl radical -75.23392 -75.26249 -75.27140 -75.27427 -75.27151 
**hydroxide -75.39583 -75.41210 -75.41689 -75.41861 -75.41706 
hydrogen peroxide -150.78254 -150.83384 -150.84605 -150.85241 -150.84768 
water -76.02657 -76.05686 -76.06451 -76.06812 -76.06530 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Table 7. Single point energies of the second lowest energy conformers at the MP2/cc-pVDZ, MP2/cc-pVTZ, MP2/cc-pVQZ 
levels and the MP2 CBS limits !
Molecule MP2/cc-pVDZ MP2/cc-pVTZ MP2/cc-pVQZ MP2 ECBS3(x) MP2 ECBS4(x) 
melatonin -762.72361 -763.47870 -763.72474 -763.86492 -763.84129 
indolyl radical cation -762.46334 -763.20547 -763.44696 -763.58451 -763.56160 
(R)-2-HO-MLT radical -838.27902 -839.11091 -839.38138 -839.53541 -839.50995 
(S)-2-HO-MLT radical -838.28042 -839.11333 -839.38404 -839.53821 -839.51280 
(R, R)-2-HO-MLT peroxyl radical -988.28386 -989.25850 -989.57514 -989.75544 -989.72584 
(R, S)-2-HO-MLT peroxyl radical -988.27888 -989.25532 -989.57220 -989.75261 -989.72328 
(S, R)-2-HO-MLT peroxyl radical -988.27892 -989.25533 -989.57220 -989.75260 -989.72328 
(S, S)-2-HO-MLT peroxyl radical -988.28327 -989.25795 -989.57461 -989.75494 -989.72532 
(R, R)-dioxetane intermediate -912.68330 -913.58941 -913.88334 -914.05066 -914.02357 
(S, S)-dioxetane intermediate -912.68839 -913.59400 -913.88733 -914.05426 -914.02761 
(R, R)-epoxide intermediate -837.72881 -838.56008 -838.83025 -838.98410 -838.95876 
(S, S)-epoxide intermediate -837.72710 -838.55808 -838.82834 -838.98227 -838.95675 
(R, S)-diol intermediate -914.00097 -914.91621 -915.21359 -915.38293 -915.35509 
(S, R)-diol intermediate -914.00813 -914.92317 -915.21991 -915.38882 -915.36155 
AFMK (singlet) -912.83201 -913.73066 -914.02508 -914.19300 -914.16334 
AFMK (triplet) -912.70466 -913.60237 -913.89604 -914.06348 -914.03428 
molecular oxygen (triplet) -149.97237 -150.10972 -150.15523 -150.18123 -150.17621 
molecular oxygen (singlet) -149.92025 -150.06118 -150.10839 -150.13542 -150.12978 
**molecular oxygen (radical) -149.75569 -149.86939 -149.90873 -149.93139 -149.92563 
hydroxyl radical -75.38785 -75.46813 -75.49530 -75.51089 -75.50741 
**hydroxide -75.62900 -75.69580 -75.72017 -75.73434 -75.72975 
hydrogen peroxide -151.16932 -151.33106 -151.38268 -151.41198 -151.40795 
water -76.22849 -76.31862 -76.34760 -76.36408 76.36162 !
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Table 8. Single point energies of the third lowest energy conformers at the HF/cc-pVDZ, HF/cc-pVTZ, HF/cc-pVQZ levels and 
the HF CBS limits 
 
Molecule HF/cc-pVDZ HF/cc-pVTZ HF/cc-pVQZ HF ECBS1(x) HF ECBS2(x) 
melatonin -760.29468 -760.49739 -760.54793 -760.57234 -760.55351 
indolyl radical cation -760.06856 -760.27063 -760.32026 -760.34483 -760.32611 
(R)-2-HO-MLT radical -835.73074 -835.95700 -836.01315 -836.04048 -836.01948 
(S)-2-HO-MLT radical -835.73001 -835.95661 -836.01277 -836.04016 -836.01914 
(R, R)-2-HO-MLT peroxyl radical -985.35544 -985.62546 -985.69192 -985.72471 -985.69969 
(R, S)-2-HO-MLT peroxyl radical -985.34817 -985.61886 -985.68512 -985.71811 -985.69304 
(S, R)-2-HO-MLT peroxyl radical -985.34820 -985.61895 -985.68523 -985.71822 -985.69315 
(S, S)-2-HO-MLT peroxyl radical -985.35533 -985.62534 -985.69181 -985.72460 -985.69957 
(R, R)-dioxetane intermediate -909.88813 -910.13808 -910.19895 -910.22951 -910.20638 
(S, S)-dioxetane intermediate -909.88834 -910.13840 -910.19933 -910.22989 -910.20675 
(R, R)-epoxide intermediate -835.11686 -835.34382 -835.39973 -835.42727 -835.40624 
(S, S)-epoxide intermediate -835.11686 -835.34382 -835.39973 -835.42728 -835.40624 
(R, S)-diol intermediate -911.18861 -911.43885 -911.50074 -911.53103 -911.50782 
(S, R)-diol intermediate -911.18718 -911.43743 -911.49917 -911.52951 -911.50631 
AFMK (singlet) -910.05284 -910.29915 -910.36104 -910.39055 -910.36765 
AFMK (triplet) -909.97129 -910.21880 -910.28085 -910.31055 -910.28754 
molecular oxygen (triplet) -149.62805 -149.67545 -149.68769 -149.69327 -149.68884 
molecular oxygen (singlet) -149.54315 -149.58951 -149.60142 -149.60689 -149.60256 
**molecular oxygen (radical) -149.39719 -149.42669 -149.43535 -149.43848 -149.43567 
hydroxyl radical -75.23392 -75.26249 -75.27140 -75.27427 -75.27151 
**hydroxide -75.39583 -75.41210 -75.41689 -75.41861 -75.41706 
hydrogen peroxide -150.78254 -150.83384 -150.84605 -150.85241 -150.84768 
water -76.02657 -76.05686 -76.06451 -76.06812 -76.06530 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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Table 9. Single point energies of the third lowest energy conformers at the MP2/cc-pVDZ, MP2/cc-pVTZ, MP2/cc-pVQZ levels 
and the MP2 CBS limits 
 
Molecule MP2/cc-pVDZ MP2/cc-pVTZ MP2/cc-pVQZ MP2 ECBS3(x) MP2 ECBS4(x) 
melatonin -762.72215 -763.47768 -763.72381 -763.86403 -763.84044 
indolyl radical cation -762.44755 -763.19156 -763.43328 -763.57093 -763.54832 
(R)-2-HO-MLT radical -838.28119 -839.11305 -839.38350 -839.53753 -839.51207 
(S)-2-HO-MLT radical -838.27941 -839.11182 -839.38235 -839.53640 -839.51103 
(R, R)-2-HO-MLT peroxyl radical -988.28385 -989.25849 -989.57512 -989.75543 -989.72583 
(R, S)-2-HO-MLT peroxyl radical -988.27719 -989.25372 -989.57046 -989.75077 -989.72161 
(S, R)-2-HO-MLT peroxyl radical -988.27665 -989.25330 -989.57009 -989.75043 -989.72125 
(S, S)-2-HO-MLT peroxyl radical -988.28328 -989.25795 -989.57462 -989.75494 -989.72532 
(R, R)-dioxetane intermediate -912.68539 -913.59151 -913.88523 -914.05241 -914.02553 
(S, S)-dioxetane intermediate -912.68330 -913.58941 -913.88334 -914.05066 -914.02357 
(R, R)-epoxide intermediate -837.72803 -838.55942 -838.82967 -838.98358 -838.95819 
(S, S)-epoxide intermediate -837.72802 -838.55942 -838.82967 -838.98358 -838.95819 
(R, S)-diol intermediate -914.00148 -914.91664 -915.21397 -915.38328 -915.35547 
(S, R)-diol intermediate -913.99850 -914.91366 -915.21075 -915.37990 -915.35232 
AFMK (singlet) -912.83246 -913.73116 -914.02551 -914.19338 -914.16380 
AFMK (triplet) -912.70508 -913.60244 -913.89591 -914.06324 -914.03412 
molecular oxygen (triplet) -149.97237 -150.10972 -150.15523 -150.18123 -150.17621 
molecular oxygen (singlet) -149.92025 -150.06118 -150.10839 -150.13542 -150.12978 
**molecular oxygen (radical) -149.75569 -149.86939 -149.90873 -149.93139 -149.92563 
hydroxyl radical -75.38785 -75.46813 -75.49530 -75.51089 -75.50741 
**hydroxide -75.62900 -75.69580 -75.72017 -75.73434 -75.72975 
hydrogen peroxide -151.16932 -151.33106 -151.38268 -151.41198 -151.40795 
water -76.22849 -76.31862 -76.34760 -76.36408 76.36162 
 
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
**Augmented basis sets used throughout for anions. 
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An example Maple input file is shown in Figure 10 for the MP2 E3(x) basis set extrapolation 
calculations of the lowest energy melatonin conformer.  
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Figure 10: Maple file for MP2 E3(x) basis set extrapolation calculations of the lowest energy 
melatonin conformer 
 
Graphical examples of the fits of E1(x), E2(x), and E4(x) equations to the single point energies of 
the lowest energy melatonin conformer are shown in Figures 11 through 13. 
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Figure 11: Graph of E1(x) fit to the HF/cc-pVXZ (X = D, T, Q) single point energies of the 
lowest energy melatonin conformer 
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Figure 12: Graph of E2(x) fit to the HF/cc-pVXZ (X = D, T, Q) single point energies of the 
lowest energy melatonin conformer 
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Figure 13: Graph of E4(x) fit to the MP2/cc-pVXZ (X = D, T, Q) single point energies of the 
lowest energy melatonin conformer 
 
The interactive interface to the CurveFitting package was used to fit basis set extrapolation 
equations to the single point energy data. All parameter values of Equations 2-136 through 2-139 
for all conformers can be found in the Appendix. The scientific significance of the parameter 
values is still unknown. The best fit was the MP2 E3(x) equation.  
The energies at the CBS limit were used to develop two-dimensional energy reaction 
diagrams for the four proposed reaction mechanisms for oxidation of melatonin to form AFMK 
(please refer to Figures 4, 5, 6, and 7 for the dioxetane, epoxide, single electron transfer, and 
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radical adduct pathways, respectively). Figures 14 through 17 are the energy reaction diagrams 
for the lowest energy conformer set. 
 
 
Figure 14: Energy reaction diagram for the lowest energy conformer set at the HF CBS limit 
calculated from E1(x) 
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Figure 15: Energy reaction diagram for the lowest energy conformer set at the HF CBS limit 
calculated from E2(x) 
 
Figure 16: Energy reaction diagram for the lowest energy conformer set at the MP2 CBS limit 
calculated from E3(x) 
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Figure 17: Energy reaction diagram for the lowest energy conformer set at the MP2 CBS limit 
calculated from E4(x) 
 
All reaction molecules are included in each step, such that each point represents the total energy 
of the system. Also, all system energies are set to start at zero. The energy reaction diagrams for 
the second and third lowest energy conformer sets are very similar in appearance to the lowest 
energy conformer set. The energy gap values for the single electron transfer and the radical 
adduct pathways are given in Table 10.  
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Table 10: Energy gap values for reaction mechanisms at HF and MP2 CBS limits 
 
Reaction 
Mechanism 
Conformer 
Set HF ΔECBS1 HF ΔECBS2 MP2 ΔECBS3 MP2 ΔECBS4 
single electron 
transfer 
lowest 
energy 0.06960 0.06825 0.06159 0.05738 
2nd lowest 
energy 0.06961 0.06826 0.06155 0.05735 
3rd lowest 
energy 0.08317 0.08186 0.07425 0.06978 
radical adduct 
lowest 
energy 0.22120 0.22199 0.19028 0.19080 
2nd lowest 
energy 0.22055 0.22142 0.18978 0.19030 
3rd lowest 
energy 0.22044 0.22131 0.19212 0.19289 
  
*All energies are in hartrees (1 hartree = 2625.500 kJ/mol). 
 
The lowest energy isomers were used for the diagrams and energy gap values for all reaction 
mechanisms. Example structures of the isomers used in the energy reaction diagrams for the 
lowest energy conformer set are shown in Figures 18 through 25. 
 
 
 
Figure 18: Structure of lowest energy melatonin conformer 
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Figure 19: Structure of lowest energy MLT radical cation conformer 
 
 
 
 
Figure 20: Structure of lowest energy (R)-2-HO-MLT radical conformer 
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Figure 21: Structure of lowest energy (R, R)-2-HO-MLT peroxyl radical conformer 
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Figure 22: Structure of lowest energy (R, R)-dioxetane intermediate conformer 
 
 
 
 
Figure 23: Structure of lowest energy (R, R)-epoxide intermediate conformer 
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Figure 24: Structure of lowest energy (R, S)-diol intermediate conformer 
 
 
 
 
Figure 25: Structure of lowest energy AFMK conformer 
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While the epoxide and dioxetane pathways appear to not have higher energy 
intermediates, both pathways most likely include high-energy transition states due to 
reorientation of the ethylacetamide chain between the melatonin and intermediate structures. The 
energy gap for the single electron transfer pathway is smaller than that of the radical adduct 
pathway. However, Bonnefont-Rousselot et al.’s work supported that the production of AFMK 
from melatonin was dependent on the presence of oxygen, similar to the radical adduct 
pathway.77 In addition, the first step of the radical adduct pathway, which forms the proposed 
spin radical adduct (previously labeled as 2-HO-MLT radical), drops in energy. The 
delocalization of the highest occupied molecular orbital (HOMO), shown in Figure 26, further 
supports stabilization of the spin radical adduct. 
 
 
 
Figure 26: Delocalization of a single electron in the HOMO structure of the lowest energy 
conformer of the spin radical adduct (previously labeled as (R)-2-HO-MLT radical) at 
B3LYP/cc-pVTZ level of theory 
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There are only slight changes in the ethylacetamide chain orientation between melatonin (Figure 
18) and the spin radical adduct (Figure 20), indicating the possibility of a low-energy transition 
state for the formation of the spin radical adduct. Then, the ethylacetamide chain is reoriented to 
accommodate the O2 at the C3 position (Figure 2) for the formation of the 2-HO-MLT peroxyl 
radical (please refer to Figures 20 and 21). This indicates the possibility of a high-energy 
transition state for the formation of the 2-HO-MLT peroxyl radical. The drop in energy of the 
total system for the formation of the spin radical adduct, the delocalization of the unpaired 
electron in the HOMO of the spin radical adduct, and the indication of a low-energy transition 
state for the formation of the spin radical adduct and a high-energy transition state for the 
subsequent formation of the 2-HO-MLT peroxyl radical all support a lengthened lifetime of the 
spin radical adduct, suggesting further investigation of melatonin as a potential spin trap. 
 
Conclusions 
 
 There are several possible reaction pathways for the oxidation of melatonin to form the 
product AFMK. This study compared four reaction mechanism proposals involving the 
following major intermediates: a dioxetane, an epoxide, a MLT radical cation, and a spin radical 
adduct. Geometries of the three lowest energy conformers of all molecules were optimized at the 
DFT/B3LYP/cc-pVTZ level of theory. Single point energies of all conformers were calculated at 
the HF/cc-pVXZ (X = D, T, Q) and MP2/cc-pVXZ (X = D, T, Q) levels of theory and 
extrapolated to the CBS limit. The four proposed reaction mechanisms were compared using 
two-dimensional energy reaction diagrams, where the energy gap values (ΔECBS3) for the single 
electron transfer and the radical adduct pathways were 0.06159 hartrees and 0.19028 hartrees, 
respectively, for the lowest energy conformer sets. Assuming that the formations of the 
dioxetane and epoxide intermediates involve high-energy transition states, the single electron 
transfer through the MLT radical cation intermediate is the most probable pathway based on 
single point energy calculations in the gas phase.  
The stability of the hydroxyl spin radical adduct was demonstrated by the lower energy of 
the system compared to that of the starting molecules and the delocalization of the unpaired 
electron in the HOMO structure. The unchanged orientation of the ethylacetamide chain between 
the melatonin and spin radical adduct structures suggests a low-energy transition state and rapid 
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formation of the spin radical adduct. In addition, the reorientation of the ethylacetamide chain for 
the subsequent 2-HO-MLT peroxyl radical structure is characteristic of a high-energy transition 
state and slower formation of the 2-HO-MLT peroxyl radical. This would lengthen the lifetime 
of the spin radical adduct, which is necessary for EPR measurements. Therefore, this work 
supports that melatonin could function as a possible spin trap and that further investigations are 
necessary. 
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CHAPTER 4 
 
FUTURE WORK 
 
In the future, it will be necessary to evaluate transition states and calculate rate constants 
for the proposed reaction mechanisms to determine if our intuition is correct. Solvent effects 
must be included in order to better mimic a biological system. Previous studies have determined 
that both short and long range effects must be included to describe chemical interactions of the 
solvent and spin trap.132 Therefore, the proposed reaction mechanisms should be evaluated using 
a hybrid model that includes a dielectric model for long-range effects and discrete solvent 
molecules for short-range effects, such as hydrogen bonding. In addition, the reaction 
mechanism proposed by Bonnefont-Rousselot et al.77 (shown in Figure 8) could be included in 
future reaction mechanism comparisons. The next steps to evaluate melatonin’s capability as a 
spin trap will be to calculate theoretical EPR spectra of the hydroxyl spin radical adduct and 
various other spin radical adducts to determine if the spectra are distinguishable. Finally, 
melatonin derivatives could be evaluated to improve distinguishability of the EPR spectra and 
stability of the spin radical adduct.  
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APPENDIX 
 
Additional Data Tables 
 
Table 11: Melatonin conformer pre- and post-AutoOpt energies under the MMFF94s force field 
 
Melatonin Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 2.9417 0.431266 
Conformer 2 3.2360 0.455734 
Conformer 3 3.6580 12.8433 
Conformer 4 3.7008 22.0612 
Conformer 5 4.6643 3.99731 
Conformer 6 6.3849 0.454139 
Conformer 7 6.6154 0.474445 
Conformer 8 7.5109 0.430957 
Conformer 9 7.7494 0.435245 
Conformer 10 7.8999 0.486909 
Conformer 11 8.3389 23.0599 
Conformer 12 8.6315 7.59499 
Conformer 13 9.0546 7.63048 
Conformer 14 9.1103 6.81531 
Conformer 15 9.2191 0.460146 
Conformer 16 9.7613 0.439578 
Conformer 17 9.9300 6.94234 
Conformer 18 10.0000 7.62573 
Conformer 19 10.0280 0.488939 
Conformer 20 10.0502 4.15687 
Conformer 21 10.7430 0.449662 
Conformer 22 10.8165 0.449609 
Conformer 23 10.9051 6.80737 
  110 
Conformer 24 10.9984 0.476719 
Conformer 25 11.0048 4.00333 
Conformer 26 11.1004 0.453843 
Conformer 27 11.5665 0.448024 
Conformer 28 11.6231 7.58805 
Conformer 29 11.6654 0.471722 
Conformer 30 11.9336 0.482158 
Conformer 31 12.0777 6.94010 
Conformer 32 12.0799 7.60375 
Conformer 33 12.1130 0.432269 
Conformer 34 12.1574 0.434148 
Conformer 35 12.1840 0.435859 
Conformer 36 12.2077 0.434574 
Conformer 37 12.2351 7.63624 
Conformer 38 12.3763 0.435138 
Conformer 39 12.3903 0.481817 
Conformer 40 12.4945 6.81613 
Conformer 41 12.5213 12.8084 
Conformer 42 12.5358 6.84206 
Conformer 43 12.7783 6.81136 
Conformer 44 12.8187 0.472887 
Conformer 45 12.8954 12.8435 
Conformer 46 12.9057 0.457692 
Conformer 47 13.0412 4.15959 
Conformer 48 13.1003 6.94194 
Conformer 49 13.2339 4.00228 
Conformer 50 13.2837 7.57893 
Conformer 51 13.3263 0.431907 
Conformer 52 13.4524 0.434256 
Conformer 53 13.5302 7.28567 
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Conformer 54 13.5863 6.80636 
Conformer 55 13.5946 7.62630 
Conformer 56 13.7340 7.41538 
Conformer 57 13.8546 7.62969 
Conformer 58 13.8566 6.84943 
Conformer 59 13.9753 6.84717 
Conformer 60 14.1532 0.508003 
Conformer 61 14.1783 23.0488 
Conformer 62 14.2522 0.465143 
Conformer 63 14.3046 3.99989 
Conformer 64 14.3962 7.62312 
Conformer 65 14.4777 12.2116 
Conformer 66 14.5052 12.8478 
Conformer 67 14.5138 4.15901 
Conformer 68 14.5170 4.15785 
Conformer 69 14.5585 7.58723 
Conformer 70 14.5615 6.81173 
Conformer 71 14.5771 3.99690 
Conformer 72 14.6025 0.436663 
Conformer 73 14.7430 6.94287 
Conformer 74 14.8131 0.432154 
Conformer 75 14.8723 6.80723 
 
 
Table 12: (R)-2-HO-MLT radical conformer pre- and post-AutoOpt energies under the 
MMFF94s force field 
 
(R)-2-HO-MLT radical Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -251.6063 -243.375 
Conformer 2 -247.1643 -243.370 
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Conformer 3 -244.4850 -255.379 
Conformer 4 -243.9173 -252.884 
Conformer 5 -243.3261 -257.478 
Conformer 6 -242.6369 -251.010 
Conformer 7 -242.4710 -257.609 
Conformer 8 -242.3281 -255.472 
Conformer 9 -241.0869 -243.375 
Conformer 10 -240.9547 -257.628 
Conformer 11 -240.5425 -257.574 
Conformer 12 -240.2658 -246.162 
Conformer 13 -240.0974 -245.044 
Conformer 14 -239.8825 -257.576 
Conformer 15 -239.7741 -251.025 
Conformer 16 -239.7176 -257.315 
Conformer 17 -239.6519 -257.568 
Conformer 18 -238.4031 -251.010 
Conformer 19 -238.3334 -256.751 
Conformer 20 -238.1492 -257.523 
Conformer 21 -238.0698 -257.572 
Conformer 22 -237.9099 -253.348 
Conformer 23 -237.7595 -256.734 
Conformer 24 -237.6612 -256.885 
Conformer 25 -237.6411 -243.349 
Conformer 26 -237.5857 -259.411 
Conformer 27 -237.5227 -257.628 
Conformer 28 -237.3391 -245.009 
Conformer 29 -237.2470 -246.143 
Conformer 30 -237.2444 -253.169 
Conformer 31 -237.2256 -250.995 
Conformer 32 -237.0175 -257.660 
  113 
Conformer 33 -237.0140 -245.003 
Conformer 34 -236.9985 -257.651 
Conformer 35 -236.9693 -245.000 
Conformer 36 -236.4691 -258.742 
Conformer 37 -235.9839 -240.778 
Conformer 38 -235.9675 -246.160 
Conformer 39 -235.9424 -259.422 
Conformer 40 -235.7149 -243.460 
Conformer 41 -235.3601 -254.967 
Conformer 42 -235.3213 -243.423 
Conformer 43 -235.3152 -230.196 
Conformer 44 -235.1623 -245.059 
Conformer 45 -234.8357 -251.069 
Conformer 46 -234.6581 -246.108 
Conformer 47 -234.6490 -238.228 
Conformer 48 -234.5491 -256.694 
Conformer 49 -234.5120 -257.699 
Conformer 50 -234.4416 -238.223 
 
 
Table 13: (S)-2-HO-MLT radical conformer pre- and post-AutoOpt energies under the 
MMFF94s force field 
 
(S)-2-HO-MLT radical Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -253.6774 -243.379 
Conformer 2 -250.7760 -255.348 
Conformer 3 -249.7715 -243.381 
Conformer 4 -248.2114 -243.414 
Conformer 5 -247.1165 -255.332 
Conformer 6 -246.5957 -255.274 
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Conformer 7 -242.4245 -244.936 
Conformer 8 -242.0091 -253.205 
Conformer 9 -240.7698 -246.054 
Conformer 10 -240.4553 -244.950 
Conformer 11 -240.4550 -257.735 
Conformer 12 -239.7636 -243.274 
Conformer 13 -239.2808 -230.194 
Conformer 14 -238.9266 -251.083 
Conformer 15 -238.6894 -257.598 
Conformer 16 -238.5990 -256.789 
Conformer 17 -238.3419 -245.003 
Conformer 18 -237.9731 -257.576 
Conformer 19 -237.3625 -253.210 
Conformer 20 -237.2992 -257.735 
Conformer 21 -236.9251 -244.028 
Conformer 22 -236.8994 -243.192 
Conformer 23 -236.8967 -244.984 
Conformer 24 -236.8326 -253.207 
Conformer 25 -236.6019 -246.079 
Conformer 26 -236.5698 -257.734 
Conformer 27 -236.5338 -244.022 
Conformer 28 -236.4645 -255.355 
Conformer 29 -236.3543 -245.081 
Conformer 30 -235.9044 -256.614 
Conformer 31 -235.8353 -257.600 
Conformer 32 -235.7741 -243.357 
Conformer 33 -235.7607 -246.086 
Conformer 34 -235.7008 -246.089 
Conformer 35 -235.5427 -234.599 
Conformer 36 -235.3891 -244.925 
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Conformer 37 -235.3088 -243.400 
Conformer 38 -235.1393 -243.373 
Conformer 39 -235.1314 -238.228 
Conformer 40 -235.1174 -230.009 
Conformer 41 -234.9787 -251.085 
Conformer 42 -234.8659 -230.108 
Conformer 43 -234.8056 -255.495 
Conformer 44 -234.5132 -257.545 
Conformer 45 -234.4627 -256.738 
Conformer 46 -234.4252 -239.499 
Conformer 47 -234.3715 -252.988 
Conformer 48 -234.3243 -251.018 
Conformer 49 -233.9278 -245.065 
Conformer 50 -233.8953 -255.379 
 
 
Table 14: (R, R)-2-HO-MLT peroxyl radical conformer pre- and post-AutoOpt energies under 
the MMFF94s force field 
 
(R, R)-2-HO-MLT      
peroxyl radical 
Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -3.9566 -13.5193 
Conformer 2 -2.8783 -11.8813 
Conformer 3 -2.6510 -13.4779 
Conformer 4 -1.1849 -11.8658 
Conformer 5 0.4731 -11.8963 
Conformer 6 1.1619 -13.5214 
Conformer 7 2.2443 -11.8971 
Conformer 8 2.5168 -11.8038 
Conformer 9 3.1293 -2.27956 
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Conformer 10 3.8145 -11.8509 
Conformer 11 3.9348 -11.9912 
Conformer 12 4.1740 -13.2308 
Conformer 13 6.3887 3.65433 
Conformer 14 6.3973 -11.8660 
Conformer 15 7.0320 -6.62774 
Conformer 16 7.1908 -11.9241 
Conformer 17 7.6760 -13.4985 
Conformer 18 8.2412 -13.4927 
Conformer 19 8.2416 -13.4963 
Conformer 20 8.3901 7.17417 
Conformer 21 8.9423 -6.61863 
Conformer 22 8.9427 -6.64337 
Conformer 23 9.3495 -11.9036 
Conformer 24 9.5238 7.17513 
Conformer 25 9.5352 -13.4849 
Conformer 26 9.5562 -13.2673 
Conformer 27 11.3568 -3.53417 
Conformer 28 11.5919 -13.4573 
Conformer 29 11.7843 0.183190 
Conformer 30 11.9770 -13.4699 
Conformer 31 12.0066 7.19004 
Conformer 32 12.3354 -4.31569 
Conformer 33 12.8015 -2.15856 
Conformer 34 12.8983 -11.8414 
Conformer 35 13.2522 7.21172 
Conformer 36 13.2919 -13.5042 
Conformer 37 13.7894 -2.14702 
Conformer 38 13.9722 -6.67829 
Conformer 39 14.4152 -6.66928 
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Conformer 40 14.6701 -6.63508 
Conformer 41 14.9921 7.16207 
Conformer 42 15.2297 -6.64271 
Conformer 43 15.5921 -2.00001 
Conformer 44 15.6328 8.11856 
Conformer 45 15.6782 -4.31446 
Conformer 46 15.8354 -3.69138 
Conformer 47 16.0913 -3.68161 
Conformer 48 16.1787 -6.66926 
Conformer 49 16.6788 -11.8715 
Conformer 50 16.7167 -2.07577 
 
 
Table 15: (R, S)-2-HO-MLT peroxyl radical conformer pre- and post-AutoOpt energies under 
the MMFF94s force field 
 
(R, S)-2-HO-MLT      
peroxyl radical 
Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -21.8677 -31.0709 
Conformer 2 -20.0111 -24.5496 
Conformer 3 -19.2629 -26.1235 
Conformer 4 -19.2427 -24.5596 
Conformer 5 -19.0012 -31.0834 
Conformer 6 -16.2963 -21.1753 
Conformer 7 -16.0206 -31.0708 
Conformer 8 -15.2298 -26.6548 
Conformer 9 -14.9391 -20.6501 
Conformer 10 -13.4483 -27.5543 
Conformer 11 -13.3583 -24.5491 
Conformer 12 -13.0334 -26.8736 
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Conformer 13 -12.8650 -31.0648 
Conformer 14 -12.5555 -24.8284 
Conformer 15 -12.2401 -31.0519 
Conformer 16 -11.8063 -20.9248 
Conformer 17 -11.7854 -19.9733 
Conformer 18 -11.7216 -30.6663 
Conformer 19 -11.7104 -23.5645 
Conformer 20 -11.4649 -24.7330 
Conformer 21 -10.3006 -20.6297 
Conformer 22 -10.2273 -26.1310 
Conformer 23 -10.1797 -28.3127 
Conformer 24 -10.1353 -31.0382 
Conformer 25 -9.9397 -7.40917 
Conformer 26 -8.9118 -19.9835 
Conformer 27 -8.4219 -22.0141 
Conformer 28 -8.4036 -23.5643 
Conformer 29 -7.4678 -20.5378 
Conformer 30 -6.8391 -26.8850 
Conformer 31 -6.7722 -26.1283 
Conformer 32 -6.7024 -25.0065 
Conformer 33 -6.0682 -19.9710 
Conformer 34 -5.8855 -26.1222 
Conformer 35 -5.4392 -27.5479 
Conformer 36 -4.8458 -20.5348 
Conformer 37 -4.3950 -22.0949 
Conformer 38 -3.8170 -10.5640 
Conformer 39 -3.4447 -18.6580 
Conformer 40 -3.2926 -26.6564 
Conformer 41 -3.1205 -27.5676 
Conformer 42 -3.1101 -30.6598 
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Conformer 43 -2.7960 -20.4569 
Conformer 44 -2.7633 -20.6281 
Conformer 45 -2.5884 -20.5446 
Conformer 46 -2.5374 -18.6565 
Conformer 47 -2.4546 -24.5249 
Conformer 48 -1.8986 -20.9640 
Conformer 49 -1.5772 -20.6530 
Conformer 50 -1.5167 -20.5379 
 
 
Table 16: (S, R)-2-HO-MLT peroxyl radical conformer pre- and post-AutoOpt energies under 
the MMFF94s force field 
 
(S, R)-2-HO-MLT      
peroxyl radical 
Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -26.0664 -31.0788 
Conformer 2 -21.0315 -31.0794 
Conformer 3 -20.2205 -31.0861 
Conformer 4 -18.7417 -24.9933 
Conformer 5 -17.6740 -31.0571 
Conformer 6 -17.0064 -23.5268 
Conformer 7 -16.9848 -27.5654 
Conformer 8 -16.6001 -22.0948 
Conformer 9 -14.5791 -30.9498 
Conformer 10 -14.5774 -24.4889 
Conformer 11 -13.7535 -24.6307 
Conformer 12 -13.6585 -28.3130 
Conformer 13 -13.6457 -23.3813 
Conformer 14 -13.6455 -23.3799 
Conformer 15 -13.3582 -31.0405 
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Conformer 16 -13.2986 -24.9301 
Conformer 17 -12.8497 -27.5574 
Conformer 18 -12.1413 -20.6663 
Conformer 19 -11.8919 -31.0650 
Conformer 20 -10.7450 -26.1112 
Conformer 21 -10.5582 -24.6044 
Conformer 22 -10.4409 -23.3774 
Conformer 23 -10.1859 -19.9523 
Conformer 24 -9.7295 -26.1316 
Conformer 25 -9.2564 -24.5526 
Conformer 26 -8.9064 -20.6439 
Conformer 27 -8.7841 -23.5520 
Conformer 28 -8.3935 -26.1259 
Conformer 29 -8.3605 -20.6545 
Conformer 30 -7.9473 -23.3810 
Conformer 31 -7.3571 -27.5596 
Conformer 32 -7.0378 -26.1325 
Conformer 33 -6.3952 -21.4703 
Conformer 34 -6.0762 -20.6588 
Conformer 35 -5.9241 -19.9734 
Conformer 36 -5.3586 -24.9701 
Conformer 37 -4.4313 -31.0616 
Conformer 38 -4.3439 -21.1769 
Conformer 39 -4.2712 -18.6572 
Conformer 40 -4.2526 -26.1304 
Conformer 41 -2.7949 -26.2411 
Conformer 42 -2.6004 -8.20793 
Conformer 43 -2.4610 -23.5645 
Conformer 44 -1.8733 -22.0748 
Conformer 45 -1.7221 -8.83546 
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Conformer 46 -1.2508 -26.2447 
Conformer 47 -0.7332 -20.6484 
Conformer 48 -0.5562 -23.5495 
Conformer 49 -0.5060 -19.9820 
Conformer 50 -0.1748 -8.18350 
 
 
Table 17: (S, S)-2-HO-MLT peroxyl radical conformer pre- and post-AutoOpt energies under 
the MMFF94s force field 
 
(S, S)-2-HO-MLT      
peroxyl radical 
Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -3.0634 -9.15144 
Conformer 2 -2.3276 -9.77154 
Conformer 3 0.5861 -9.21369 
Conformer 4 1.3399 -9.23930 
Conformer 5 1.6610 -9.23212 
Conformer 6 3.1364 -9.78728 
Conformer 7 3.5788 -9.77357 
Conformer 8 4.3902 -9.11518 
Conformer 9 5.5819 -9.24868 
Conformer 10 7.9305 -9.11379 
Conformer 11 8.4261 -9.23866 
Conformer 12 9.1889 -9.21831 
Conformer 13 11.0417 -9.24571 
Conformer 14 11.9153 -4.48910 
Conformer 15 13.3259 -3.69301 
Conformer 16 13.3796 -9.98890 
Conformer 17 13.5434 21.5403 
Conformer 18 14.5340 -9.25078 
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Conformer 19 14.6642 -10.0776 
Conformer 20 15.0093 -10.0515 
Conformer 21 15.7325 -9.21619 
Conformer 22 16.0871 13.1881 
Conformer 23 17.0407 -10.1072 
Conformer 24 17.2238 1.12675 
Conformer 25 18.3699 -10.0114 
Conformer 26 18.3749 13.1820 
Conformer 27 18.7514 -10.1018 
Conformer 28 18.9927 -4.40357 
Conformer 29 19.4145 13.1797 
Conformer 30 19.4976 1.29559 
Conformer 31 19.5675 -9.11206 
Conformer 32 19.9061 1.33875 
Conformer 33 20.8548 1.31596 
Conformer 34 21.2028 -0.210416 
Conformer 35 21.2818 -9.22992 
Conformer 36 21.3079 -0.118105 
Conformer 37 21.5553 -11.9107 
Conformer 38 21.6413 -9.15347 
Conformer 39 21.6800 13.1907 
Conformer 40 21.9302 -4.40764 
Conformer 41 22.1147 -0.109829 
Conformer 42 22.2466 10.8155 
Conformer 43 22.2734 -10.1215 
Conformer 44 22.5482 -4.38725 
Conformer 45 22.8379 1.14907 
Conformer 46 23.0910 -9.11405 
Conformer 47 23.2222 13.1736 
Conformer 48 23.2353 13.1795 
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Conformer 49 23.4083 -4.44607 
Conformer 50 23.4828 -3.68552 
 
 
Table 18: (R, R)-dioxetane conformer pre- and post-AutoOpt energies under the MMFF94s 
force field 
 
(R, R)-dioxetane Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 82.0555 82.2655 
Conformer 2 83.6675 93.9257 
Conformer 3 84.0924 84.4839 
Conformer 4 84.9330 84.4356 
Conformer 5 85.2503 82.2614 
Conformer 6 85.7546 84.5578 
Conformer 7 85.9962 84.4351 
Conformer 8 86.2151 82.2500 
Conformer 9 87.6211 82.2170 
Conformer 10 88.4814 82.2122 
Conformer 11 88.7253 84.4283 
Conformer 12 89.0949 82.2533 
Conformer 13 89.1207 82.2456 
Conformer 14 89.2191 83.4817 
Conformer 15 89.7345 83.7991 
Conformer 16 89.8474 83.4592 
Conformer 17 89.9807 82.9016 
Conformer 18 90.4847 89.5049 
Conformer 19 90.5397 83.7900 
Conformer 20 90.6258 84.4499 
Conformer 21 90.9185 89.5203 
Conformer 22 91.0243 84.3649 
  124 
Conformer 23 91.0366 84.4355 
Conformer 24 91.0403 84.4857 
Conformer 25 91.9784 93.9254 
Conformer 26 92.1126 84.0137 
Conformer 27 92.9308 93.9437 
Conformer 28 92.9520 93.8794 
Conformer 29 92.9694 82.2397 
Conformer 30 93.6109 84.3933 
Conformer 31 93.7052 82.1991 
Conformer 32 93.7068 89.7255 
Conformer 33 93.7920 84.4654 
Conformer 34 93.8082 82.8004 
Conformer 35 93.8171 84.4063 
Conformer 36 93.9345 82.2437 
Conformer 37 93.9948 83.4313 
Conformer 38 94.1127 89.4987 
Conformer 39 94.4131 84.3636 
Conformer 40 94.4427 87.0288 
Conformer 41 94.5394 82.2485 
Conformer 42 94.7021 82.8568 
Conformer 43 94.7158 82.2873 
Conformer 44 95.0184 82.2129 
Conformer 45 95.0833 89.5133 
Conformer 46 95.1093 93.9270 
Conformer 47 95.1402 89.4858 
Conformer 48 95.1711 89.5391 
Conformer 49 95.3028 80.2968 
Conformer 50 95.9851 93.9547 
 
 
  125 
Table 19: (S, S)-dioxetane conformer pre- and post-AutoOpt energies under the MMFF94s force 
field 
 
(S, S)-dioxetane Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 82.1636 82.2606 
Conformer 2 83.9410 84.4297 
Conformer 3 85.8777 82.2459 
Conformer 4 86.1833 84.4975 
Conformer 5 87.0517 82.2135 
Conformer 6 87.5692 84.4340 
Conformer 7 88.2905 83.4750 
Conformer 8 88.3964 82.2523 
Conformer 9 88.4366 82.2422 
Conformer 10 88.5169 84.4283 
Conformer 11 88.6234 84.4826 
Conformer 12 88.8233 83.4618 
Conformer 13 90.1504 82.2674 
Conformer 14 90.2060 82.2476 
Conformer 15 90.3180 84.4318 
Conformer 16 90.6574 89.5030 
Conformer 17 90.9050 84.3946 
Conformer 18 91.2892 82.9024 
Conformer 19 91.5621 84.4385 
Conformer 20 91.5698 93.9250 
Conformer 21 92.5053 84.5009 
Conformer 22 92.7205 84.3587 
Conformer 23 93.0253 87.0256 
Conformer 24 93.1206 82.2361 
Conformer 25 93.1893 93.9231 
Conformer 26 93.5839 84.4218 
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Conformer 27 93.6463 87.0276 
Conformer 28 93.6954 83.5002 
Conformer 29 93.8308 82.2321 
Conformer 30 93.9885 82.2269 
Conformer 31 94.0661 84.4288 
Conformer 32 94.2391 93.8786 
Conformer 33 94.3448 94.0719 
Conformer 34 94.4366 89.5123 
Conformer 35 94.5440 83.7923 
Conformer 36 94.6725 84.4347 
Conformer 37 94.7655 82.2507 
Conformer 38 94.8497 82.2024 
Conformer 39 95.0024 82.2467 
Conformer 40 95.0814 89.5165 
Conformer 41 95.0939 82.8650 
Conformer 42 95.2771 89.5411 
Conformer 43 96.0588 93.9210 
Conformer 44 96.0881 89.4873 
Conformer 45 97.0042 84.4368 
Conformer 46 97.0413 89.7256 
Conformer 47 97.0472 88.7800 
Conformer 48 97.1223 94.0777 
Conformer 49 97.1848 82.2066 
Conformer 50 97.2190 84.3778 
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Table 20: (R, R)-epoxide conformer pre- and post-AutoOpt energies under the MMFF94s force 
field 
 
(R, R)-epoxide Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 63.9630 56.9733 
Conformer 2 64.4589 61.7393 
Conformer 3 65.4129 62.9838 
Conformer 4 66.8917 66.3081 
Conformer 5 67.6537 61.6522 
Conformer 6 67.6677 62.9319 
Conformer 7 68.1781 61.6413 
Conformer 8 69.5765 56.9690 
Conformer 9 69.7401 66.2885 
Conformer 10 69.7553 61.6603 
Conformer 11 70.3817 63.0849 
Conformer 12 70.6279 57.2280 
Conformer 13 70.7060 57.3381 
Conformer 14 71.1748 56.9809 
Conformer 15 71.3388 63.0010 
Conformer 16 71.5372 66.2887 
Conformer 17 71.6463 61.7946 
Conformer 18 71.6687 66.2686 
Conformer 19 72.0376 62.9220 
Conformer 20 72.4438 66.2960 
Conformer 21 73.1834 62.9215 
Conformer 22 73.3367 62.9840 
Conformer 23 74.1204 66.2866 
Conformer 24 74.1609 71.9690 
Conformer 25 74.5095 66.2571 
Conformer 26 75.0269 61.8202 
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Conformer 27 75.0569 57.2387 
Conformer 28 75.1119 61.2883 
Conformer 29 75.1704 62.9507 
Conformer 30 75.2485 66.8189 
Conformer 31 75.4610 66.2949 
Conformer 32 75.7156 61.6490 
Conformer 33 76.1911 74.8835 
Conformer 34 76.3614 56.9762 
Conformer 35 76.5101 72.0011 
Conformer 36 76.5697 89.0471 
Conformer 37 76.6332 66.2630 
Conformer 38 76.7141 61.7963 
Conformer 39 76.7297 61.9373 
Conformer 40 76.7943 71.9770 
Conformer 41 77.0636 62.9779 
Conformer 42 77.1488 66.2800 
Conformer 43 77.6754 68.2079 
Conformer 44 77.8571 71.9710 
Conformer 45 78.0253 69.5768 
Conformer 46 78.0877 61.2445 
Conformer 47 78.3460 62.9834 
Conformer 48 78.5592 61.0243 
Conformer 49 78.8395 71.9718 
Conformer 50 79.1400 62.9520 
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Table 21: (S, S)-epoxide conformer pre- and post-AutoOpt energies under the MMFF94s force 
field 
 
(S, S)-epoxide Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 62.8175 65.4131 
Conformer 2 64.4629 62.0843 
Conformer 3 66.1578 61.8354 
Conformer 4 67.0566 61.2442 
Conformer 5 67.0568 61.2477 
Conformer 6 67.3224 62.1104 
Conformer 7 68.0723 65.2765 
Conformer 8 68.1362 63.0174 
Conformer 9 68.2184 65.3074 
Conformer 10 69.7959 61.9513 
Conformer 11 69.8545 62.0932 
Conformer 12 70.1953 71.5917 
Conformer 13 70.2154 61.2459 
Conformer 14 70.2623 65.2904 
Conformer 15 70.5790 62.9155 
Conformer 16 70.6338 61.3557 
Conformer 17 70.9376 65.2767 
Conformer 18 71.2357 62.1146 
Conformer 19 71.2451 65.3133 
Conformer 20 71.6223 71.7587 
Conformer 21 71.7321 69.2860 
Conformer 22 72.0830 61.3487 
Conformer 23 72.2737 61.2481 
Conformer 24 72.3605 61.9264 
Conformer 25 74.0052 61.9845 
Conformer 26 74.2494 62.0779 
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Conformer 27 74.6315 65.3099 
Conformer 28 74.7932 69.2618 
Conformer 29 74.9372 71.6573 
Conformer 30 75.0611 69.2796 
Conformer 31 75.3126 68.2078 
Conformer 32 75.3517 65.3043 
Conformer 33 75.3892 71.5932 
Conformer 34 75.4264 68.2254 
Conformer 35 75.4680 72.0637 
Conformer 36 75.5979 65.3635 
Conformer 37 75.8682 63.0009 
Conformer 38 75.9348 65.2878 
Conformer 39 76.0025 65.2814 
Conformer 40 76.1472 71.6380 
Conformer 41 76.2378 69.2988 
Conformer 42 76.3123 68.2090 
Conformer 43 76.4899 62.0601 
Conformer 44 76.5417 71.7061 
Conformer 45 76.5756 65.3421 
Conformer 46 76.5807 62.9376 
Conformer 47 76.6376 71.9764 
Conformer 48 76.6682 69.3046 
Conformer 49 77.1340 75.6334 
Conformer 50 77.6111 67.3343 
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Table 22: (R, S)-diol intermediate conformer pre- and post-AutoOpt energies under the 
MMFF94s force field 
 
(R, S)-diol intermediate Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 37.6762 32.8762 
Conformer 2 39.2876 32.8671 
Conformer 3 42.2550 32.8594 
Conformer 4 43.9592 44.4288 
Conformer 5 44.3256 44.5263 
Conformer 6 46.0304 32.8744 
Conformer 7 46.2968 34.3391 
Conformer 8 46.9353 42.7646 
Conformer 9 47.3112 32.8708 
Conformer 10 47.8009 47.7831 
Conformer 11 47.8149 44.4556 
Conformer 12 48.7194 46.0457 
Conformer 13 48.7242 42.7715 
Conformer 14 49.0065 44.4223 
Conformer 15 49.3598 40.9108 
Conformer 16 49.5223 46.0210 
Conformer 17 49.5493 40.4244 
Conformer 18 49.6415 49.9771 
Conformer 19 49.8126 34.3545 
Conformer 20 50.5406 44.3609 
Conformer 21 50.9144 46.0150 
Conformer 22 50.9754 42.7524 
Conformer 23 51.0273 43.8784 
Conformer 24 51.2568 40.5518 
Conformer 25 51.5383 44.5215 
Conformer 26 51.9764 49.9762 
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Conformer 27 52.0435 46.0215 
Conformer 28 52.1161 48.5596 
Conformer 29 53.0133 32.8794 
Conformer 30 53.3883 42.7667 
Conformer 31 53.3895 43.8539 
Conformer 32 53.5026 46.0267 
Conformer 33 53.5702 39.9130 
Conformer 34 53.6203 40.9450 
Conformer 35 53.6482 40.5616 
Conformer 36 53.6508 48.5601 
Conformer 37 53.6591 42.7716 
Conformer 38 53.8142 47.7533 
Conformer 39 54.1896 42.7688 
Conformer 40 54.3628 50.5680 
Conformer 41 54.4421 39.8941 
Conformer 42 54.4722 46.4337 
Conformer 43 54.5523 39.9005 
Conformer 44 54.6457 43.7817 
Conformer 45 54.6601 40.9702 
Conformer 46 54.8783 47.7949 
Conformer 47 55.2543 40.4199 
Conformer 48 55.6571 39.7798 
Conformer 49 55.8223 43.9247 
Conformer 50 55.9008 49.9613 
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Table 23: (S, R)-diol intermediate conformer pre- and post-AutoOpt energies under the 
MMFF94s force field 
 
(S, R)-diol intermediate Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 43.2374 46.0914 
Conformer 2 44.9293 41.8249 
Conformer 3 45.5832 41.0288 
Conformer 4 46.1201 51.0677 
Conformer 5 47.1708 46.0870 
Conformer 6 47.7044 44.4377 
Conformer 7 48.3230 46.0132 
Conformer 8 48.3482 44.4056 
Conformer 9 48.4202 34.3332 
Conformer 10 49.0395 46.0879 
Conformer 11 49.2576 41.8297 
Conformer 12 49.3313 51.0584 
Conformer 13 49.5109 41.0111 
Conformer 14 49.8415 46.0925 
Conformer 15 49.9031 51.1267 
Conformer 16 50.1501 41.0446 
Conformer 17 50.5544 39.9594 
Conformer 18 50.5931 41.0191 
Conformer 19 50.8134 41.8963 
Conformer 20 51.5024 41.9380 
Conformer 21 52.1266 41.9430 
Conformer 22 52.1461 46.0159 
Conformer 23 52.2508 44.3469 
Conformer 24 52.2751 43.0716 
Conformer 25 52.5166 39.9511 
Conformer 26 52.5882 41.8480 
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Conformer 27 53.1816 44.3600 
Conformer 28 53.4246 41.8370 
Conformer 29 54.3058 41.0175 
Conformer 30 54.3112 32.8832 
Conformer 31 54.4057 46.0845 
Conformer 32 54.6714 46.0861 
Conformer 33 55.0787 32.8618 
Conformer 34 56.2870 43.0647 
Conformer 35 56.2971 49.8532 
Conformer 36 56.4911 41.0243 
Conformer 37 56.6297 41.8373 
Conformer 38 57.0182 32.8702 
Conformer 39 57.5098 51.0541 
Conformer 40 57.5487 47.7067 
Conformer 41 57.5846 41.0286 
Conformer 42 57.8687 44.3451 
Conformer 43 57.9037 51.3328 
Conformer 44 57.9282 49.8504 
Conformer 45 58.0338 44.3385 
Conformer 46 59.2179 43.7871 
Conformer 47 59.3878 32.8862 
Conformer 48 59.4478 43.8354 
Conformer 49 59.7786 34.3538 
Conformer 50 59.9342 34.3362 
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Table 24: AFMK conformer pre- and post-AutoOpt energies under the MMFF94s force field 
 
AFMK Pre-AutoOpt (kJ/mol) Post-AutoOpt (kJ/mol) 
Conformer 1 -80.5762 -48.2486 
Conformer 2 -80.1167 -47.2220 
Conformer 3 -77.9139 -47.2212 
Conformer 4 -77.5784 -47.2156 
Conformer 5 -76.7015 -48.2522 
Conformer 6 -75.4842 -47.2212 
Conformer 7 -74.9785 -47.2159 
Conformer 8 -73.4313 -47.2228 
Conformer 9 -72.9454 -48.2532 
Conformer 10 -72.7906 -48.1898 
Conformer 11 -72.5334 -48.2562 
Conformer 12 -71.4854 -48.1899 
Conformer 13 -71.3404 -47.2241 
Conformer 14 -70.7282 -48.2529 
Conformer 15 -69.4756 -41.9481 
Conformer 16 -69.3506 -47.2228 
Conformer 17 -69.3275 -41.9407 
Conformer 18 -68.8434 -34.3774 
Conformer 19 -68.2446 -48.2532 
Conformer 20 -68.0776 -45.4911 
Conformer 21 -67.9107 -34.1987 
Conformer 22 -67.8434 -48.1891 
Conformer 23 -67.7137 -48.2542 
Conformer 24 -67.5598 -34.5041 
Conformer 25 -67.1239 -47.2222 
Conformer 26 -66.9495 -47.2213 
Conformer 27 -66.8604 -34.5003 
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Conformer 28 -66.5618 -47.2204 
Conformer 29 -66.5423 -39.9941 
Conformer 30 -66.4025 -45.4907 
Conformer 31 -66.3932 -39.9932 
Conformer 32 -65.9118 -47.2229 
Conformer 33 -65.7095 -34.3707 
Conformer 34 -65.5916 -34.1988 
Conformer 35 -65.0234 -47.2235 
Conformer 36 -64.8283 -34.2166 
Conformer 37 -64.5372 -34.5038 
Conformer 38 -64.5308 -47.2231 
Conformer 39 -64.5065 -34.5015 
Conformer 40 -64.4931 -45.4908 
Conformer 41 -64.1648 -34.5015 
Conformer 42 -63.8730 -44.8160 
Conformer 43 -63.7924 -34.2506 
Conformer 44 -63.7789 -34.3778 
Conformer 45 -63.7043 -39.9930 
Conformer 46 -63.4525 -48.2519 
Conformer 47 -63.4271 -34.3691 
Conformer 48 -63.3296 -47.0340 
Conformer 49 -63.1498 -34.3779 
Conformer 50 -63.0344 -47.2202 
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Table 25: Comparison of the HF/cc-pVDZ and MMFF94s pre- and post-AutoOpt energies for 
the ten lowest energy conformers 
 
Molecule Conformer # 
HF/cc-pVDZ 
E (hartrees) 
pre-AutoOpt 
E (kJ/mol) 
post-AutoOpt 
E (kJ/mol) 
melatonin 
Conformer 12 -760.29810 8.6315 7.59499 
Conformer 37 -760.29802 12.2351 7.63624 
Conformer 17 -760.29716 9.9300 6.94234 
Conformer 9 -760.29696 7.7494 0.435245 
Conformer 41 -760.29616 12.5213 12.8084 
Conformer 56 -760.29552 13.7340 7.41538 
Conformer 53 -760.29550 13.5302 7.28567 
Conformer 5 -760.29488 4.6643 3.99731 
Conformer 65 -760.29485 14.4777 12.2116 
Conformer 20 -760.29475 10.0502 4.15687 
(R)-2-HO-MLT 
radical 
Conformer 15 -835.71098 -239.7741 -251.025 
Conformer 36 -835.71094 -236.4691 -258.742 
Conformer 39 -835.71086 -235.9424 -259.422 
Conformer 12 -835.71082 -240.2658 -246.162 
Conformer 8 -835.71021 -242.3281 -255.472 
Conformer 16 -835.71007 -239.7176 -257.315 
Conformer 19 -835.71006 -238.3334 -256.751 
Conformer 4 -835.70995 -243.9173 -252.884 
Conformer 44 -835.70771 -235.1623 -245.059 
Conformer 40 -835.70705 -235.7149 -243.460 
(S)-2-HO-MLT 
radical 
Conformer 14 -835.71104 -238.9266 -251.083 
Conformer 9 -835.71073 -240.7698 -246.054 
Conformer 43 -835.71022 -234.8056 -255.495 
Conformer 2 -835.71014 -250.7760 -255.348 
Conformer 20 -835.71007 -237.2992 -257.735 
  138 
Conformer 16 -835.71006 -238.5990 -256.789 
Conformer 19 -835.70987 -237.3625 -253.210 
Conformer 21 -835.70939 -236.9251 -244.028 
Conformer 17 -835.70759 -238.3419 -245.003 
Conformer 4 -835.70705 -248.2114 -243.414 
(R,R)-2-HO-MLT 
peroxyl radical 
Conformer 12 -985.35205 4.1740 -13.2308 
Conformer 17 -985.35203 7.6760 -13.4985 
Conformer 18 -985.35202 8.2412 -13.4927 
Conformer 8 -985.34951 2.5168 -11.8038 
Conformer 9 -985.34640 3.1293 -2.27956 
Conformer 32 -985.34577 12.3354 -4.31569 
Conformer 46 -985.34572 15.8354 -3.69138 
Conformer 33 -985.34503 12.8015 -2.15856 
Conformer 29 -985.29093 11.7843 0.183190 
Conformer 38 -985.27986 13.9722 -6.67829 
(R,S)-2-HO-MLT 
peroxyl radical 
Conformer 23 -985.34739 -10.1797 -28.3127 
Conformer 13 -985.34722 -12.8650 -31.0648 
Conformer 32 -985.34515 -6.7024 -25.0065 
Conformer 8 -985.27045 -15.2298 -26.6548 
Conformer 6 -985.26246 -16.2963 -21.1753 
Conformer 37 -985.25718 -4.3950 -22.0949 
Conformer 19 -985.25221 -11.7104 -23.5645 
Conformer 48 -985.25217 -1.8986 -20.9640 
Conformer 10 -985.25004 -13.4483 -27.5543 
Conformer 3 -985.24845 -19.2629 -26.1235 
(S,R)-2-HO-MLT 
peroxyl radical 
Conformer 12 -985.34739 -13.6585 -28.3130 
Conformer 5 -985.34722 -17.6740 -31.0571 
Conformer 33 -985.34522 -6.3952 -21.4703 
Conformer 4 -985.34515 -18.7417 -24.9933 
Conformer 13 -985.26882 -13.6457 -23.3813 
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Conformer 8 -985.25718 -16.6001 -22.0948 
Conformer 43 -985.25221 -2.4610 -23.5645 
Conformer 7 -985.25004 -16.9848 -27.5654 
Conformer 17 -985.25003 -12.8497 -27.5574 
Conformer 20 -985.24845 -10.7450 -26.1112 
(S,S)-2-HO-MLT 
peroxyl radical 
Conformer 2 -985.35198 -2.3276 -9.77154 
Conformer 19 -985.35188 14.6642 -10.0776 
Conformer 20 -985.35187 15.0093 -10.0515 
Conformer 3 -985.34959 0.5861 -9.21369 
Conformer 37 -985.34949 21.5553 -11.9107 
Conformer 34 -985.34611 21.2028 -0.210416 
Conformer 15 -985.34572 13.3259 -3.69301 
Conformer 14 -985.28894 11.9153 -4.48910 
Conformer 40 -985.27407 21.9302 -4.40764 
Conformer 24 -985.27021 17.2238 1.12675 
(R)-dioxetane 
intermediate 
Conformer 14 -909.89486 89.2191 83.4817 
Conformer 4 -909.89446 84.9330 84.4356 
Conformer 15 -909.89424 89.7345 83.7991 
Conformer 12 -909.89380 89.0949 82.2533 
Conformer 8 -909.89374 86.2151 82.2500 
Conformer 13 -909.89373 89.1207 82.2456 
Conformer 17 -909.89337 89.9807 82.9016 
Conformer 49 -909.89329 95.3028 80.2968 
Conformer 39 -909.89311 94.4131 84.3636 
Conformer 40 -909.89103 94.4427 87.0288 
(S)-dioxetane 
intermediate 
Conformer 47 -909.89515 97.0472 88.7800 
Conformer 7 -909.89486 88.2905 83.4750 
Conformer 2 -909.89446 83.9410 84.4297 
Conformer 35 -909.89424 94.5440 83.7923 
Conformer 1 -909.89380 82.1636 82.2606 
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Conformer 13 -909.89374 90.1504 82.2674 
Conformer 14 -909.89372 90.2060 82.2476 
Conformer 18 -909.89338 91.2892 82.9024 
Conformer 21 -909.89311 92.5053 84.5009 
Conformer 23 -909.89103 93.0253 87.0256 
(R)-epoxide 
intermediate 
Conformer 45 -835.12164 78.0253 69.5768 
Conformer 48 -835.12110 78.5592 61.0243 
Conformer 21 -835.12043 73.1834 62.9215 
Conformer 30 -835.12022 75.2485 66.8189 
Conformer 39 -835.11960 76.7297 61.9373 
Conformer 7 -835.11902 68.1781 61.6413 
Conformer 8 -835.11868 69.5765 56.9690 
Conformer 46 -835.11860 78.0877 61.2445 
Conformer 25 -835.11790 74.5095 66.2571 
Conformer 43 -835.11646 77.6754 68.2079 
(S)-epoxide 
intermediate 
Conformer 50 -835.12062 77.6111 67.3343 
Conformer 32 -835.12052 75.3517 65.3043 
Conformer 15 -835.12043 70.5790 62.9155 
Conformer 24 -835.11958 72.3605 61.9264 
Conformer 12 -835.11916 70.1953 71.5917 
Conformer 3 -835.11909 66.1578 61.8354 
Conformer 7 -835.11889 68.0723 65.2765 
Conformer 28 -835.11872 74.7932 69.2618 
Conformer 4 -835.11860 67.0566 61.2442 
Conformer 31 -835.11646 75.3126 68.2078 
(R,S)-diol 
intermediate 
Conformer 3 -911.19224 42.2550 32.8594 
Conformer 47 -911.19212 55.2543 40.4199 
Conformer 48 -911.19207 55.6571 39.7798 
Conformer 7 -911.19136 46.2968 34.3391 
Conformer 15 -911.19125 49.3598 40.9108 
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Conformer 42 -911.19075 54.4722 46.4337 
Conformer 20 -911.18993 50.5406 44.3609 
Conformer 44 -911.18977 54.6457 43.7817 
Conformer 22 -911.18972 50.9754 42.7524 
Conformer 21 -911.18942 50.9144 46.0150 
(S,R)-diol 
intermediate 
Conformer 33 -911.19224 55.0787 32.8618 
Conformer 9 -911.19136 48.4202 34.3332 
Conformer 29 -911.19066 54.3058 41.0175 
Conformer 2 -911.19058 44.9293 41.8249 
Conformer 45 -911.18993 58.0338 44.3385 
Conformer 13 -911.18990 49.5109 41.0111 
Conformer 46 -911.18977 59.2179 43.7871 
Conformer 25 -911.18844 52.5166 39.9511 
Conformer 34 -911.18838 56.2870 43.0647 
Conformer 7 -911.18760 48.3230 46.0132 
AFMK 
Conformer 35 -910.05689 -65.0234 -47.2235 
Conformer 25 -910.05686 -67.1239 -47.2222 
Conformer 15 -910.05679 -69.4756 -41.9481 
Conformer 42 -910.05436 -63.8730 -44.8160 
Conformer 14 -910.05402 -70.7282 -48.2529 
Conformer 11 -910.05393 -72.5334 -48.2562 
Conformer 20 -910.05222 -68.0776 -45.4911 
Conformer 39 -910.05126 -64.5065 -34.5015 
Conformer 43 -910.04919 -63.7924 -34.2506 
Conformer 29 -910.04809 -66.5423 -39.9941 
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Table 26: Parameter values of the CBS extrapolation equations for the lowest energy conformers 
 
Molecule 
HF E1(x) HF E2(x) MP2 E3(x) MP2 E4(x) 
B B B C B 
melatonin 10.85124 6.75682 2.81490 0.28747 8.98785 
indolyl radical cation 10.76752 6.70500 2.76211 0.28555 8.83153 
(R)-2-HO-MLT radical 12.17434 7.58085 3.09499 0.32428 9.91120 
(S)-2-HO-MLT radical 12.17444 7.58091 3.09499 0.32428 9.91120 
(R, R)-2-HO-MLT peroxyl radical 14.44573 8.99540 3.62061 0.37956 11.59513 
(R, S)-2-HO-MLT peroxyl radical 14.46843 9.00963 3.62323 0.38322 11.61552 
(S, R)-2-HO-MLT peroxyl radical 14.46852 9.00969 3.62326 0.38321 11.61554 
(S, S)-2-HO-MLT peroxyl radical 14.44541 8.99519 3.62093 0.37943 11.59561 
(R, R)-dioxetane intermediate 13.31205 8.28977 3.35200 0.36084 10.76829 
(S, S)-dioxetane intermediate 13.27583 8.26717 3.35221 0.35785 10.75833 
(R, R)-epoxide intermediate 12.10930 7.54044 3.08962 0.32094 9.88417 
(S, S)-epoxide intermediate 12.11800 7.54584 3.09096 0.32095 9.88798 
(R, S)-diol intermediate 13.29806 8.28067 3.39257 0.36085 10.88321 
(S, R)-diol intermediate 13.29813 8.28071 3.39258 0.36083 10.88319 
AFMK (singlet) 13.21571 8.22893 3.37198 0.32759 10.70720 
AFMK (triplet) 13.28307 8.27096 3.36236 0.33131 10.69313 
molecular oxygen (triplet) 2.55333 1.58973 0.52224 0.04551 1.63977 
molecular oxygen (singlet) 2.49503 1.55345 0.54281 0.04206 1.68584 
molecular oxygen (radical) 1.62004 1.00823 0.45506 0.02252 1.36819 
hydroxyl radical 1.58478 0.98607 0.31309 0.02138 0.96215 
hydroxide 0.89403 0.55639 0.28454 0.00179 0.81201 
hydrogen peroxide 2.73200 1.70139 0.58825 0.07135 1.91816 
water 1.62614 1.01252 0.33079 0.03778 1.07036 
 
*All parameter values are in hartrees (1 hartree = 2625.500 kJ/mol). 
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Table 27: Parameter values of the CBS extrapolation equations for the second lowest energy 
conformers 
 
Molecule 
HF E1(x) HF E2(x) MP2 E3(x) MP2 E4(x) 
B B B C B 
melatonin 10.85170 6.75711 2.81487 0.28752 8.98794 
indolyl radical cation 10.76748 6.70498 2.76211 0.28555 8.83154 
(R)-2-HO-MLT radical 12.11830 7.54590 3.09302 0.32221 9.89828 
(S)-2-HO-MLT radical 12.17651 7.58218 3.09570 0.32332 9.90979 
(R, R)-2-HO-MLT peroxyl radical 14.44578 8.99543 3.62058 0.37959 11.59515 
(R, S)-2-HO-MLT peroxyl radical 14.46725 9.00891 3.62255 0.38344 11.61438 
(S, R)-2-HO-MLT peroxyl radical 14.46631 9.00832 3.62250 0.38339 11.61405 
(S, S)-2-HO-MLT peroxyl radical 14.44563 8.99533 3.62094 0.37946 11.59568 
(R, R)-dioxetane intermediate 13.35912 8.31901 3.35988 0.35698 10.77699 
(S, S)-dioxetane intermediate 13.31204 8.28976 3.35204 0.36080 10.76827 
(R, R)-epoxide intermediate 12.12979 7.55325 3.08942 0.32283 9.89029 
(S, S)-epoxide intermediate 12.11800 7.54584 3.09095 0.32096 9.88798 
(R, S)-diol intermediate 13.39806 8.34288 3.40041 0.35615 10.88878 
(S, R)-diol intermediate 13.29770 8.28046 3.39183 0.36127 10.88261 
AFMK (singlet) 13.21562 8.22886 3.37197 0.32758 10.70714 
AFMK (triplet) 13.28305 8.27094 3.36236 0.33131 10.69312 
molecular oxygen (triplet) 2.55333 1.58973 0.52224 0.04551 1.63977 
molecular oxygen (singlet) 2.49503 1.55345 0.54281 0.04206 1.68584 
molecular oxygen (radical) 1.62004 1.00823 0.45506 0.02252 1.36819 
hydroxyl radical 1.58478 0.98607 0.31309 0.02138 0.96215 
hydroxide 0.89403 0.55639 0.28454 0.00179 0.81201 
hydrogen peroxide 2.73200 1.70139 0.58825 0.07135 1.91816 
water 1.62614 1.01252 0.33079 0.03778 1.07036 
 
*All parameter values are in hartrees (1 hartree = 2625.500 kJ/mol). 
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Table 28: Parameter values of the CBS extrapolation equations for the third lowest energy 
conformers 
 
Molecule 
HF E1(x) HF E2(x) MP2 E3(x) MP2 E4(x) 
B B B C B 
melatonin 10.86415 6.76486 2.81571 0.28825 8.99287 
indolyl radical cation 10.80709 6.72965 2.76396 0.28971 8.85152 
(R)-2-HO-MLT radical 12.11850 7.54603 3.09295 0.32215 9.89785 
(S)-2-HO-MLT radical 12.13436 7.55594 3.09355 0.32332 9.90371 
(R, R)-2-HO-MLT peroxyl radical 14.44588 8.99549 3.62056 0.37961 11.59517 
(R, S)-2-HO-MLT peroxyl radical 14.47093 9.01124 3.62061 0.38500 11.61439 
(S, R)-2-HO-MLT peroxyl radical 14.47410 9.01321 3.62127 0.38489 11.61587 
(S, S)-2-HO-MLT peroxyl radical 14.44563 8.99533 3.62094 0.37945 11.59568 
(R, R)-dioxetane intermediate 13.35232 8.31479 3.35707 0.35890 10.77579 
(S, S)-dioxetane intermediate 13.35913 8.31902 3.35988 0.35699 10.77699 
(R, R)-epoxide intermediate 12.14350 7.56177 3.09046 0.32248 9.89202 
(S, S)-epoxide intermediate 12.14363 7.56185 3.09047 0.32249 9.89205 
(R, S)-diol intermediate 13.39668 8.34202 3.39984 0.35630 10.88770 
(S, R)-diol intermediate 13.39260 8.33954 3.39652 0.35851 10.88613 
AFMK (singlet) 13.21524 8.22864 3.37086 0.32850 10.70725 
AFMK (triplet) 13.27538 8.26614 3.35997 0.33189 10.68842 
molecular oxygen (triplet) 2.55333 1.58973 0.52224 0.04551 1.63977 
molecular oxygen (singlet) 2.49503 1.55345 0.54281 0.04206 1.68584 
molecular oxygen (radical) 1.62004 1.00823 0.45506 0.02252 1.36819 
hydroxyl radical 1.58478 0.98607 0.31309 0.02138 0.96215 
hydroxide 0.89403 0.55639 0.28454 0.00179 0.81201 
hydrogen peroxide 2.73200 1.70139 0.58825 0.07135 1.91816 
water 1.62614 1.01252 0.33079 0.03778 1.07036 
 
*All parameter values are in hartrees (1 hartree = 2625.500 kJ/mol). 
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